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Abstract 
The availability of inorganic membranes which can withstand high temperatures and 
harsh chemical environments has resulted in a wide range of opportunities for the 
application of membranes in chemical reactions and separations. In particular, the 
combination of membrane separation and catalytic reaction into a single operating 
unit is an attractive way to increase conversions, improve yields and more efficient 
use of natural resources in many reactions. 
 
In this study, asymmetric alumina hollow fibres with different macrostructures 
consisting of finger-like macrovoids and a sponge-like packed pore structure in 
varying ratios have been prepared by a combined phase inversion/sintering technique. 
The asymmetric membranes in hollow fibre geometry possess superior surface area to 
volume ratios with less gas permeation resistance in comparison to commercial 
symmetric membranes in tubular and disk configurations. Such asymmetric hollow 
fibres are used as substrates onto which a Pd membrane is directly deposited by an 
electroless plating (ELP) technique without any pre-treatment of the substrate surface. 
A systematic study of the electroless plating of Pd and Ag onto an asymmetric 
alumina hollow fibre substrate has been carried out by direct measurement of one of 
the gaseous products, i.e. N2, using gas chromatography (GC). In addition, the 
influences of the substrate macrostructure on hydrogen permeation through the 
Pd/Al2O3 composite membranes have been investigated both experimentally and 
theoretically. 
 
Furthermore, a multifunctional Pd/alumina hollow fibre membrane reactor (HFMR) 
has been developed and employed for the catalytic dehydrogenation of 
methylcyclohexane (MCH) to toluene (TOL). The developed HFMR consists of a thin 
and defect-free Pd membrane coated directly onto the outer surface of an asymmetric 
alumina hollow fibre substrate. 50 wt% Ni/Al2O3 nano-sized catalysts were directly 
impregnated into the substrate. The performance of HFMR has also been compared 
with several different reactor configurations.  
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Chapter 1 
Introduction and Scope of Thesis 
1.1.   Background 
According to International Union of Pure and Applied Chemistry (IUPAC), the term 
‘membrane reactor’ refers to a device that combines a membrane-based separation 
process with a chemical reaction step in one unit [1]. Membrane reactors involving 
synergistic coupling of reaction and separation process are commonly used for 
reactions with conversion/yield which is limited by thermodynamic equilibrium. This 
concept is based on Le Chatelier’s principle in which the local removal of product(s) 
results in enhanced reactant conversion and product yield by shifting the equilibrium 
towards the product side. This is also in agreement with the requirement of so-called 
“process intensification” as a result of drastic improvements in the overall 
manufacturing and processing cost [2], by substantially decreasing the equipment-size 
over production-capacity ratio. Moreover, safer operation, lower energy consumption 
[3-5] and less waste production can be achieved, which thereby reduces the impacts 
on the environment [6,7].  
 
Although the inception of the membrane reactor started in the early 1950's, most of 
the applications emerged in the last couple of decades due to the considerable 
developments in membrane materials, membrane fabrication processes and designs of 
modules. Most of the conventional applications of membrane reactors are in the field 
of biotechnology [8-10], which are normally carried out at a temperature below 100°C 
and a porous organic/polymeric membrane is used. Further developments include the 
use of inorganic membranes, such as silica or alumina, functionalized by enzymes for 
better performance. Presently, the availability of high-temperature-resistant 
membranes, particularly porous ceramic and metallic membranes, has opened up new 
avenues for carrying out catalytic processes at elevated temperatures.  This is because 
ceramic and metallic membranes, in contrast to their organic counterparts, are more 
robust with much better durability and stability and higher rates of heat transfer [11]. 
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The first high temperature catalytic membrane reactors using metallic Pd or Pd-based 
membranes were studied by Gryaznov and co-workers in 1960’s [12]. Due to its 
uniquely high permselectivity to H2, the earlier applications mainly involved 
hydrogenation and dehydrogenation reactions, where the role of the membrane was to 
distribute or remove hydrogen to or from the reaction zone, respectively. For the 
hydrogenation reactions carried out in a membrane reactor, Gryaznov and co-workers 
reported improvements in the yield, by testing the reactors with flat foil, thin walled 
straight tubes and spiral-type membranes [12]. The Pd based membranes used are 
self-supported with the thickness of a few hundred micrometers to sustain its integrity. 
This significantly challenges their application for large-scale chemical production due 
to the very limited hydrogen permeation flux as well as the costly membrane material. 
As a result, great efforts have been made to develop a composite counterpart where a 
much thinner Pd based separation layer is supported on a highly porous substrate.  
 
One way to enhance hydrogen permeation flux is by reducing palladium thickness to 
below 10 µm [11], in which case a porous support may be required to support the 
membrane.  Widely used porous supports include porous stainless steel [13,14] and 
porous alumina [15,16], onto which palladium is deposited. Among others that have 
also been used as support materials are silica [17,18], porous glass [19-21] as well as 
polymers and other porous metals [22].  A comparative study on hydrogen permeation 
through palladium membranes with similar thicknesses was carried out with porous 
stainless steel and relatively less porous alumina supports. The results revealed that 
porous alumina produces higher flux although it has smaller pore size than porous 
stainless steel due to symmetric macrostructure [11]. 
 
In the last decade, porous alumina substrates in hollow fibre configuration have 
attracted substantial interest as substrates for coating Pd and Pd-alloy membranes. 
This is due to the high area/volume ratio (as high as 3000 m2/m3) in comparison to 
other configurations, leading to much higher hydrogen permeation rates per unit 
[23,24]. The substrates were prepared using conventional extrusion techniques, 
resulting in symmetric structures which usually exhibit large gas permeation 
resistance. Furthermore, surface modification such as the deposition of a γ-Al2O3 
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layer is required to smooth the substrate surface prior to the deposition of a Pd layer. 
In fact, a smooth substrate surface is a pre-requisite for Pd deposition to ensure a free 
defect Pd layer. However, the surface treatment complicates the overall fabrication 
processes and eventually increases in the total production cost.  
 
In the early 2000s, an asymmetric hollow fibre membrane structure comprised of a 
thin sponge-like structure integrated with finger-like macrovoids was developed using 
a phase inversion/sintering process [25,26]. The smooth sponge like outer layer serves 
as a support for palladium membranes for hydrogen separation [1-3]. Meanwhile, the 
asymmetric structure offers less gas permeation resistance compared to symmetric 
counterparts. This is due to the fact that the resistance in the asymmetric fibres is 
caused predominantly by the thin sponge layer, whereas the thick porous finger-like 
layer provides negligible resistance. Therefore, Pd composite membranes based on the 
asymmetric hollow fibre substrates exhibited much higher permeation performances 
than for symmetric substrates [30,31], which is promising for developing a novel 
catalytic membrane reactor. 
 
In this thesis, Al2O3 hollow fibres with different asymmetric macrostructures, i.e. 
various thickness ratios between a finger-like layer and a sponge-like layer, have been 
prepared by a phase inversion/sintering technique. Such asymmetric hollow fibres are 
used as substrates onto which a Pd membrane is deposited directly by an electroless 
plating (ELP) technique without any pre-treatment of the substrate surface. The 
influence of the substrate macrostructure on hydrogen permeation through the 
Pd/Al2O3 composite membranes has been investigated both experimentally and 
theoretically. In addition, a multifunctional Pd/alumina hollow fibre membrane 
reactor (HFMR) has been developed and used for the catalytic dehydrogenation of 
methylcyclohexane to toluene. The developed HFMR consists of a thin and defect-
free Pd membrane coated directly onto the outer surface of an alumina hollow fibre 
substrate with a unique asymmetric pore structure, i.e. a sponge-like outer layer and a 
finger-like inner layer. 50 wt% Ni/Al2O3 catalyst was directly impregnated into the 
fibre wall and deposited as a thin layer within the finger-like voids.  
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1.2.   Thesis objective 
The major objective of this work is to develop a multifunctional inorganic composite 
hollow fibre membrane reactor for methylcyclohexane dehydrogenation. A membrane 
reactor of this type consists of a thin Pd hydrogen separation membrane electroless 
plated onto the outer surface of alumina hollow fibre supports with a unique 
asymmetric structure, i.e. an inner finger-like layer and an outer sponge-like layer. In 
order to achieve a more compact membrane reactor design, catalyst for the 
dehydrogenation reaction is impregnated into hollow fibre wall. 
 
In order to achieve such a membrane reactor design, there are a number of sub-
objectives which are listed below: 
 
(a) Fabrication of asymmetric alumina hollow fibre supports: the supports have 
been prepared using a combined phase inversion and sintering technique [25]. 
The process involves the preparation of a ceramic suspension, fibre spinning 
and heat treatment.  
(b) Electroless plating of Pd and Ag on the asymmetric alumina hollow fibre 
supports: the thickness and composition of the Pd and Pd/Ag membranes 
usually determines the hydrogen permeation characteristics. Accurate control 
and prediction of the electroless plating process of this type must be 
thoroughly studied. 
(c) Effects of support structure on hydrogen permeation through the Pd 
membrane: support structure properties such as average pore size and porosity 
etc., play an important role in the overall hydrogen permeation resistance. By 
studying this, the optimum “match” between the support structure and the 
thickness of the palladium layer can be established. 
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(d) Deposition of dehydrogenation catalyst into the asymmetric alumina hollow 
fibre supports: for a compact membrane reactor design, catalyst needs to be 
deposited into the asymmetric support. Proper catalyst deposition methods and 
the effect of catalyst loading on gas permeation resistance must be determined.  
(e) Application of the developed membrane reactor design for methylcyclohexane 
dehydrogenation.  
 
1.2.1. Fabrication of asymmetric alumina hollow fibre supports  
 
(i) To fabricate fibres with different macrostructures, i.e., various respective 
ratios between  finger-like void and sponge like regions of 80:20, 50:50 and 
30:70. 
(ii) To characterize the morphology of sintered fibres. 
 
1.2.2. Electroless plating of Pd and Ag on the asymmetric alumina hollow fibre 
supports  
 
(i) To study the influence of the number of activation loops on Pd deposition.  
(ii) To study the effect of different palladium, silver and hydrazine ion 
concentrations on Pd and Ag deposition.  
(iii) To investigate and compare the experimental nitrogen concentration data with a 
theoretical study. 
(iv) To study the morphology of Pd and Pd/Ag alloy deposits. 
 
1.2.3. Effects of support macrostructure on hydrogen permeation through the 
Pd membrane  
 
(i) To obtain membrane macrostructural parameters e.g. effective porosities and 
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mean pore sizes, that are useful for optimization and for predicting hydrogen 
permeation behavior. 
(ii) To measure gas permeation of hollow fibres with different macrostructure 
having identical Pd membrane thicknesses.  
 
1.2.4. Deposition of dehydrogenation catalyst into the asymmetric alumina 
hollow fibre supports  
 
(i) To prepare 50 wt% Ni/γ-Al2O3 dehydrogenation catalysts using a conventional 
wet impregnation method and to test and compare their catalytic activity with 
conventional catalysts with respect to methylcylohexane dehydrogenation using 
a fixed-bed reactor. 
(ii) To impregnate catalyst into the fibre matrix and to characterize their 
distribution. 
(iii) To study the effect of catalyst loading on nitrogen permeation flux across the 
fibres.  
 
1.2.5. Membrane reactor applications 
 
(i) To demonstrate the operation of a hollow fibre membrane reactor (HFMR) for 
metyhlcyclohexane (MCH) dehydrogenation. In this design, the HFMR consists 
of a thin and defect free Pd layer coated directly onto the outer surface of an 
alumina hollow fibre support with an asymmetric pore structure and a home-
made 50 wt% Ni/γ-Al2O3 catalyst deposited inside the substrate. 
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1.3. Thesis structure and presentation  
This thesis is composed of 6 chapters addressing different aspects of the fabrication of 
Pd-based alumina composite hollow fibre membranes and their use as a compact 
membrane reactor for methylcyclohexane dehydrogenation. Chapter 1 consisely 
introduces the thesis outline and the objectives. The literature Review chapter 
(Chapter 2) provides an extensive survey covering the fundamental knowledge and 
the development of Pd-based membranes for hydrogen separation, ceramic hollow 
fibres and membrane reactors for various kinds of applications. The state of the art 
techniques related to membrane fabrication processes are discussed, and the current 
challenges are also highlighted. Chapter 3 mainly discusses in depth the electroless 
plating and characterization of Pd and Ag on the asymmetric hollow fibre supports. 
Chapter 4  addresses the importance of support macrostructure on H2 permeation 
behavior through the Pd membrane, in conjunction with theoretical studies. Then, 
Chapter 5 highlights the use of the developed membrane reactor for 
methylcyclohexane dehydrogenation. Finally, Chapter 6 summarizes the progress 
achieved in this project, followed by a list of recommendations for future work.  
Chapter 1                                                                                                 Introduction and Scope of Thesis 
 
  25 
1.4. References 
[1] Dittmeyer, R., Hollein, V., Daub, K.; "Membrane reactors for hydrogenation 
and dehydrogenation processes based on supported palladium." Journal of 
Molecular Catalysis a Chemical, 2001,173, 135-184. 
[2] Drioli, E., Romano, M.; “Progress and New Perspectives on Integrated 
Membrane Operations for Sustainable Industrial Growth”. Industrial and 
Engineering Chemistry Research, 2001, 40, 1277-1300. 
[3] Bottino, A., Comite, A., Capannelli, G., Di Felice, R., Pinacci, P.; "Steam 
reforming of methane in equilibrium membrane reactors for integration in 
power cycles." Catalysis Today, 2006,118, 214-222. 
[4] Hussain, A., Seidel-Morgenstern, A., Tsotsas, E.; “Heat and mass transfer in 
tubular ceramic membranes for membrane reactors”. International Journal of 
Heat and Mass Transfer, 2006, 49, 2239-2253. 
[5] Nair, B. K., Harold, M. P.; "Experiments and modeling of transport in 
composite Pd and Pd/Ag coated alumina hollow fibers." Journal of Membrane 
Science, 2008,311, 53-67. 
[6] Piroonlerkgul, P., Kiatkittipong, W., Arpornwichanop, A., Soottitantawat, A., 
Wiyaratn, W., Laosiripojana, N., Adesina, A. A. ,Assabumrungrat, S.; 
"Integration of solid oxide fuel cell and palladium membrane reactor: Technical 
and economic analysis." International Journal of Hydrogen Energy, 2009, 34, 
3894-3907. 
[7] Veser, G., Frauhammer, J., Friedle, U.; "Syngas formation by direct oxidation of 
methane: Reaction mechanisms and new reactor concepts”, Catalysis Today, 
2000, 61, 55-64. 
[8] Cheison, S.C., Wang, Z., Xu, S.Y.; “Hydrolisis of whey protein isolate in a 
tangential flow filter membrane reactor: II. Characterisation for the fate of the 
enzyme by multivariate data analysis”. Journal of Membrane Science, 2006, 
286, 322-332. 
Chapter 1                                                                                                 Introduction and Scope of Thesis 
 
  26 
[9] Harrington, T.J., Gainer, J.L., Kirwan, D. J.; “Ceramic membrane microfilter as 
an immobilized enzyme reactor”. Enzyme and Microbial Technology, 1992, 14, 
813-818. 
[10] Long, W.S., Kamaruddin, A.H., Bhatia, S.; “Enzyme kinetics of kinetic 
resolution of racemic ibuprofen ester using enzymatic membrane reactor”. 
Chemical Engineering Science, 2005, 60, 4957-4970. 
[11] Huges, R.; “Composite palladium membranes for catalytic membrane reactors”. 
Membrane Technology, 2001, 2001, 9-13. 
[12] Gryaznov, V.M., Cherkashin, A.E., Kataliz, K.; “The Reactions of 
Hydrocarbons on Membrane Catalysts”, 1960. 
[13] Rothenberger, K. S., Cugini, A. V., Howard, B. H., Killmeyer, R. P., Ciocco, M. 
V., Morreale, B. D., Enick, R. M., Bustamante, F., Mardilovich, I. P. ,Ma, Y. 
H.; "High pressure hydrogen permeance of porous stainless steel coated with a 
thin palladium film via electroless plating." Journal of Membrane Science, 
2004,244, 55-68. 
[14] Mardilovich, P. P., She, Y., Yi Hua, M., Rei, M. H.; "Defect-Free Palladium 
Membranes on Porous Stainless-Steel Support." Aiche Journal, 1998, 44, 310-
322. 
[15] Cheng, Y. S., Pena, M. A., Fierro, J. L., Hui, D. C. ,Yeung, K. L.; "Performance 
of alumina, zeolite, palladium, Pd-Ag alloy membranes for hydrogen separation 
from Towngas mixture." Journal of Membrane Science, 2002,204, 329-340. 
[16] Pacheco Tanaka, D. A., Llosa Tanco, M. A., Niwa, S. i., Wakui, Y., Mizukami, 
F., Namba, T. ,Suzuki, T. M.; "Preparation of palladium and silver alloy 
membrane on a porous a-alumina tube via simultaneous electroless plating." 
Journal of Membrane Science, 2005,247, 21-27. 
[17] Tsuru, T., Morita, T., Shintani, H., Yoshioka, T., Asaeda, M.; "Membrane 
reactor performance of steam reforming of methane using hydrogen-
permselective catalytic SiO2 membranes." Journal of Membrane Science, 
2008,316, 53-62. 
[18] Lim, H., Gu, Y., Oyama, S. T.; "Reaction of primary and secondary products in 
a membrane reactor: Studies of ethanol steam reforming with a silica-alumina
Chapter 1                                                                                                 Introduction and Scope of Thesis 
 
  27 
composite membrane." Journal of Membrane Science, 2010, 351, 149-159. 
[19] Uemiya, S., Sato, N., Ando, H., Kude, Y., Matsuda, T., Kikuchi, E.; "Separation 
of hydrogen through palladium thin film supported on a porous glass tube." 
Journal of Membrane Science, 1991, 56, 303-313. 
[20] Markovic, A., Stoltenberg, D., Enke, D., Schlunder, E. U., Seidel-Morgenstern, 
A.; "Gas permeation through porous glass membranes: Part I. Mesoporous 
glasses-Effect of pore diameter and surface properties." Journal of Membrane 
Science, 2009,336, 17-31. 
[21] Altinisik, O., Dogan, M., Dogu, G.; "Preparation and characterization of 
palladium-plated porous glass for hydrogen enrichment." Catalysis Today, 
2005,105, 641-646. 
[22] Ryi, S. K., Park, J. S., Kim, S. H., Cho, S. H. ,Kim, D. W.; "Development of a 
new porous metal support of metallic dense membrane for hydrogen 
separation." Journal of Membrane Science, 2006,279, 439-445. 
[23] Nair, B. K., Choi, J., Harold, M. P.; "Electroless plating and permeation features 
of Pd and Pd/Ag hollow fiber composite membranes." Journal of Membrane 
Science, 2007,288, 67-84. 
[24] Israni, S. H., Nair, B. K., Harold, M. P.; "Hydrogen generation and purification 
in a composite Pd hollow fiber membrane reactor: Experiments and modeling." 
Catalysis Today, 2009,139, 299-311. 
[25] Kingsbury, B. F., Li, K.; "A morphological study of ceramic hollow fibre 
membranes." Journal of Membrane Science, 2009,328, 134-140. 
[26] Tan, X., Liu, S., Li, K.; “Preparation and characterization of inorganic hollow 
fibre membranes”. Journal of Membrane Science, 2001, 188, 87-95. 
[27] Wu, Z., Hatim, I. M., Kingsbury, B. F., Gbenedio, E., Li, K.; "A novel inorganic 
hollow fiber membrane reactor for catalytic dehydrogenation of propane." 
Aiche Journal, 2009, 55, 2389-2398. 
[28] Garcia-Garcia, F. R., Rahman, M. A., Kingsbury, B. F., Li, K.; "A novel 
catalytic membrane microreactor for COx free H2 production." Catalysis 
Communications, 2010, 12, 161-164. 
Chapter 1                                                                                                 Introduction and Scope of Thesis 
 
  28 
[29] Rahman, M. A., Garcia-Garcia, F. R., Irfan Hatim, M. D., Kingsbury, B. F., Li, 
K.; "Development of a catalytic hollow fibre membrane micro-reactor for high 
purity H2 production." Journal of Membrane Science, 2010,368, 116-123. 
[30] Sun, G. B., Hidajat, K., Kawi, S.; "Ultra thin Pd membrane on a-Al2O3 hollow 
fiber by electroless plating: High permeance and selectivity." Journal of 
Membrane Science, 2006,284, 110-119. 
[31] Kilgus, M., Gepert, V., Dinges, N., Merten, C., Eigenberger, G., Schiestel, T. 
"Palladium coated ceramic hollow fibre membranes for hydrogen separation". 
Euromembrane, Giardini Naxos, Italy, 2006, Elsevier. 
 
Chapter 2                                                                                                                         Literature Review 
 
  29 
Chapter 2 
Literature Review 
Abstract 
 
Use of Pd-based membranes for hydrogen production (>99.999%) or removing 
hydrogen as a product from membrane reactors has been widely studied in the last 
several decades. In this respect, this chapter briefly reviews the techniques available 
for hydrogen separation, followed by the fabrication of Pd-based composite 
membranes. Various processes for coating Pd or Pd/alloy membranes onto porous 
substrates, such as chemical vapour deposition, physical vapour deposition, 
magnetron sputtering, electro-plating and electroless plating have been presented and 
compared. A thorough discussion on electroless plating methods is given as well as 
porous substrates such as porous stainless steel, porous glass and ceramic hollow 
fibres. Finally, use of Pd-based membrane reactors for various dehydrogenation 
reactions is summarized. The current challenges and future development are also 
outlined. 
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2.1. Hydrogen Separation and Purification 
Although hydrogen (H2) as an important clean fuel can be produced by a number of ways, 
such as reforming of fossil fuels or biological materials, alkaline electrolysis and partial 
oxidation etc., most of the present hydrogen production is from steam reforming of methane 
in natural gas [1]. Two-thirds of the hydrogen produced is used for generating ammonia, the 
major raw material in the synthesis of fertilizers [2], besides other important applications 
such as refining sour crude oils in petrochemical industries, sputtering processes in the 
semiconductor industry and hydrogenation of edible oil [3]. In addition, hydrogen has been 
used as the fuel for rockets since the late 90’s and is considered as the fuel of the future 
[4,5].  Despite the importance of hydrogen, the transformation from the present fossil fuel 
economy to a hydrogen economy needs solutions to numerous scientific and technological 
challenges, which requires decades of continuous worldwide effort from scientists and 
engineers [6-9].  
 
In addition to hydrogen production, hydrogen separation and purification is very important 
in various applications. For instance, hydrogen produced via steam methane reforming 
(SMR) contains a considerable amount of carbon monoxide (CO) between 5-15 wt % [10]. 
This is considered intolerable for polymer electrolyte membrane (PEM) fuel cells operated 
at 353 K due to higher propensity of platinum catalyst to deactivate by CO [11].  A further 
water gas shift (WGS) treatment is then required to reduce the CO level to as low as 0.5-1%. 
However, even a trace amount of CO could cause detrimental effects on the cell voltage 
[12]. Therefore, further purification of the product stream is needed to minimize the CO 
concentration to below 10 ppm, which is very challenging for most of the conventional 
purification processes.  
 
Generally, there are mainly three processes for purifying hydrogen in refineries, which are 
pressure swing adsorption processes (PSA) [13,14], membrane separation using organic or 
inorganic membranes [15-17] and cryogenic separation processes [18]. Each process differs 
in the sense of the separation mechanism and thus varies considerably in terms of economic 
considerations, flexibility and reliability and the requirements for coupling with other unit 
operations.  
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2.1.1. The pressure swing adsorption (PSA) process 
Pressure swing adsorption (PSA) is typically carried out as a post-treatment process after 
water gas shift reaction (WGS). Being commercialized in 1966, more than 600 PSAs have 
been built up all over the world [19], such as UOP POLYBED PSA unit [20]. The PSA 
process consists of four basic process steps, i.e. adsorption, depressurization, regeneration 
and re-pressurization. The adsorption process is based on a physical binding of gas 
molecules to adsorbent materials. Highly volatile hydrogen is practically less-condensable 
than N2, CO, CO2, hydrocarbons and water vapour etc. These impurities can be 
subsequently adsorbed out from a hydrogen-containing stream, and high purity hydrogen is 
recovered as a result. In the regeneration step, pressure is lowered to a level that is slightly 
higher than atmospheric pressure, resulting in a respective decrease in equilibrium loading. 
This desorbs the impurities on the adsorbent materials and regenerates the adsorbent 
materials for the next cycle [19,20]. 
 
The highly efficient PSA operation is capable of producing hydrogen with a high purity of 
95-99.99% [2]. In order to achieve such a high purity of H2, the PSA unit has to be designed 
in an appropriate way taking into account the installation capacity, cycle time, pressure drop, 
pressure relationship and adsorber geometry etc. Isothermal operation greatly reduces the 
cycle time, which offers a continuous hydrogen supply without disrupting the regeneration 
process. Furthermore, this process is competitive due to low operation cost, easy assembly, 
compact design, safe operation and facilitated process automation [14].  
 
2.1.2. The crycogenic and hybrid cryogenic processes  
The cryogenic process is an efficient low temperature separation process based on the 
difference in the boiling temperatures (relative volatilities) of the feed components [21].  
Hence, cryogenic distillation is a mature technology based upon well-established industrial 
knowledge [15,21]. The simplest and the most common version of a cryogenic process is the 
partial condensation process. It involves freezing the gas mixture and then using the 
differences in gas boiling points of the components to achieve the separation. However, this 
route suffers a setback due to the highly intensive energy cost (ca. 25-50% of total energy 
requirements) that comes from the refrigeration unit [23]. In addition, cryogenic distillation 
alone only produces H2 with moderate purity, i.e. less than 95% [24].  Since then, many 
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researchers have been exploring an alternative by studying the technical feasibility of 
combining cryogenic/PSA [21] and membrane/cryogenic processes [20,22] together.  
 
The combination of cryogenic systems with PSA for H2 or helium recovery has been 
available since 1970’s [21]. This process was once highly attractive due to its capability in 
producing high purity H2 with high recovery. Meanwhile, in the membrane/cryogenic 
process, a stream containing N2, CH4 and H2 is allowed to pass a membrane where H2 
permeates through the membrane faster than the rest, resulting in an H2 enriched permeate 
stream. Subsequently, H2 in the retentate side is further recovered cryogenically. The major 
benefit of such systems is that less effort is utilised by the secondary treatment i.e. 
cryogenic, which reduces the requirements for refrigeration and lowers the overall operating 
cost [22]. Moreover, the purity of H2 is improved to ca. 99.99% using a hybrid cryogenic 
processes of this type [25].  
 
2.1.3. Membrane separation process 
Membrane separation is an area that has attracted interest from both industry and academia, 
with the intention of providing a process producing high purity hydrogen. Unlike traditional 
PSA and cryogenic separation which have already been well established, membrane based 
H2 separation is a relatively new technology. Separations via membranes offer great 
advantages over PSA and cryogenic separation in terms of the required volume and the 
purity of product streams. These advantages include higher energy efficiency, better cost 
effectiveness for small units, simplicity in operation, compactness and portability, easy 
scale-up (modular), safe operation and environmental sustainability [15,17]. Generally, 
hydrogen selective membranes can be classified into two categories, namely polymeric 
(organic) and inorganic membranes.   
 
2.1.3.1 Polymeric membrane 
Since the commercialization of Prism® and Perma® hollow fibre membranes by Monsanto 
Limited in early 1980 [31], followed by other gas membrane systems from Cynara, Separex 
and Generon [32,33], there has been considerable effort in the development of polymeric 
membranes for various applications. Some of the earlier applications of polymeric 
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membranes in hydrogen separation include hydrogen recovery from ammonia purge gas 
streams and adjustment of hydrogen to carbon monoxide ratio in synthesis gas etc. [17].  
 
Hydrogen separation through polymeric membranes can be described by the solution-
diffusion mechanism, which is based on the solubility of specific gases within the 
membrane and the diffusion through the membrane matrix [32]. The product of solubility 
(S) and diffusivity (D) is called permeability (P = S·D). However, the application of 
polymeric membranes is limited by the trade-off between permeability and selectivity, in 
which a highly permeable membrane usually exhibits lower selectivity [34]. Therefore, in 
1991, Robeson [35] suggested a benchmark scheme for the determination of membrane 
performance, which is known as “Roberson’s upper bound”. According to this scheme, the 
selectivity and permeability should lie at the upper bound of the Robeson trade-off line, 
which indicates good membrane performance. In fact, overcoming this upper bound is the 
main objective of most researchers in the polymeric membrane field [36]. 
 
Appropriate selection of polymeric materials is paramount in order for excellent selectivity 
and permeability. In general, polymeric membranes can be classified as rubbery or glassy, 
depending on the operating temperatures relative to the glass transition temperature of the 
polymer. Rubbery membranes are operated above the glass transition temperature while 
glassy membranes are operated below the glass transition temperature [37]. In comparison, 
the former shows higher permeability due to higher mobility of the chain segments. Unlike 
rubbery membranes, the polymer chains in glassy membranes are packed randomly leading 
to excess free volume in the form of microscopic voids in the polymeric matrix. In 
particular, the increasing free volume space results in the enhancement of diffusion. 
Moreover, its properties may be manipulated by the addition of bulk substituent groups as 
well as via different casting methods [38].  The combination of different types of polymers 
is possible to improve membrane performance. 
 
Recently, research has been conducted on combining different polymers to produce 
composite polymeric membranes. The product is composed of copolymers of glassy (hard) 
polymer segments and rubbery (soft) polymer segments [38]. The hard segment offers the 
structural frame for support providing the mechanical strength. The rubbery segment 
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generally forms continuous micro-domains within the membrane. In addition, the flexible 
nature of the structure allows the transportation of gas, hence greater permeability can be 
achieved. To summarize, the main concept is to combine the selectivity of one polymer with 
the permeability of the other, in order for better membrane performance with regard to 
mechanical strength and thermal and chemical stability.  
 
Although polymeric membranes for hydrogen separation have been predominantly 
employed for low temperature applications [38], the low thermal resistance and poor 
mechanical strength of polymeric materials at high temperatures limit their application in 
catalytic membrane reactors for hydrogen production. In addition, polymeric membranes 
cannot tolerate harsh acidic streams containing HCl, SOx, as well as CO2 [15]. Continuous 
exposure may lead to swelling, plasticisation, aging and compaction that shorten the 
membrane life [36]. Due to these limitations, inorganic membranes have been developed as 
an alternative to polymeric membranes for high temperature applications. 
2.1.3.2 Inorganic membrane  
Inorganic membranes for hydrogen separation can be classified into porous and dense 
membranes. Hsieh [39] divided the inorganic membranes into two major categories based 
on structure, i.e. porous inorganic membranes and dense (non-porous) inorganic membranes. 
Porous inorganic membranes may also be asymmetric or symmetric. Glass, metal, alumina, 
zirconia, zeolite and carbon membranes are all commercially available as porous inorganic 
membranes. These membranes can vary greatly in pore size, porosity, stability and geometry 
[40].  
 
In general, porous carbon membranes can be distinguished as two types according to the 
different transport mechanisms, i.e., molecular sieving and surface diffusion mehanisms. 
The molecular sieving membranes are more promising in the perspective of better separation 
properties, higher flux and stabilities [41,42]. Molecular sieve carbon membranes for gas 
separation have been prepared by pyrolyzing thermosetting polymers such as 
poly(vinylidene chloride) (PVDC), poly(furfuryl alcohol) (PFA), cellulose, cellulose 
triacetate, saran copolymer, polyacrylonitrile (PAN), phenol formaldehyde and various coals 
such as coconut shell [43]. Carbon molecular sieves are porous solids that contain 
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constricted apertures that approach the molecular dimensions of diffusing gas molecules. At 
these constrictions the interaction energy between the molecule and the carbon resulted in 
both dispersive and repulsive interactions. When the opening becomes sufficiently small in 
constrast to the size of the diffusing molecule, the repulsive forces dominate and high 
activation energies are required for molecules to overcome the constrictions. In this region 
of activated diffusion, molecules with only slight differences in size can be effectively 
separated through molecular sieving [44]. The mechanism of gas permeation and uptake 
through porous solids is thus closely related to the internal surface area and dimensions of 
the pores and to the surface properties of the solid, rather than to the bulk properties of the 
solid as in the case with polymers [43]. 
 
Hatori et al. [45] has demonstrated in pilot scale studies that carbon molecular sieve 
membranes for separating H2 from refiner gas streams. Due to their lower H2 selectivity, 
carbon membranes have been usually used to regulate H2 concentration to the necessary 
level for the subsequent H2 separation processes. For example, Air Products & Chemicals 
Inc. patented SSFTM carbon membrane modules for hydrogen enrichment to 56–60% prior 
to PSA purification in an effort to produce H2 of 99.99% purity [46]. Nevertheless, carbon 
membranes are often used in non-oxidising environments with temperatures in the range of 
500-900 °C.  Hence, the performance of these membranes will deteriorate severely if a trace 
amount of organic compound or other strongly adsorbing vapours are present in the feed 
streams. This requires a pre-purifier unit for removing traces of strongly adsorbing vapours 
which can clog up the pores [47]. 
 
Microporous ceramic membranes possess high permeability and selectivity, and are 
chemically and thermally stable; hence, they are attractive for applications in hydrogen 
production reactions [48,49]. Figure 2-1 shows a typical asymmetric composite membrane 
that consists of several layers. The top microporous layer (1) plays an important role in gas 
separation and usually has pore size of less than 2 nm. Layer (2) is also part of separation 
layer (having pore size range of 2 – 50 nm) if this is used for liquid, nonetheless for Pd 
membrane, it is also considered as an intermediate layer for bridging purpose. Next, the 
intermediate layer (3) with a pore size range of 50-1000 nm “bridges” the macroporous 
support layer (4) and the top layer (1). Finally, the macroporous (4) with typical pore size of 
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1-15 µm serves as a support which predominantly provides mechanical strength for the 
whole membrane structure [50]. 
 
Figure 2-1. Schematic representation of an asymmetric composite membrane [50]. 
 
The top separation layer (1) is made from metal oxides such as alumina, zirconia, titania or 
silica etc. or from zeolites or a combination of these materials [51]. For example, silica 
membranes are able to provide moderate selectivity of up to 140, depending on the 
components to be separated [52]. Hydrogen fluxes through the membrane can be ca. 
7.6 × 10−8 mol cm-2 s-1. Furthermore, the membrane is capable of withstanding operating 
temperatures between 200-600 °C. However, the stability and permeability of silica type 
microporous membranes decline when exposed to atmospheres containing steam [53]. 
 
For a dense type ceramic membrane, e.g. a proton-conducting dense ceramic membrane is 
used for hydrogen separation in which H2 transports through a solid phase as protons. 
Preferred ceramic materials are SrCe0.95Yb0.05O3-δ (SCYb) [54] and BaCe0.8Y0.2O3-δ(BCY) 
[52]. Nonetheless, these membrane materials are less attractive compared to palladium (Pd) 
membranes for hydrogen separation [55]. The hydrogen flux of the former is considered as 
moderate. In addition, reported operating temperatures are in the range of 600-900 °C [56]. 
High temperatures (around 900°C) are required to achieve acceptable fluxes. The major 
concern for using this type of membrane is the chemical stability in the presence of certain 
species (e.g., CO2, H2S) [57]. Due to this reason, these membranes are still in an early stage 
of development. Therefore, the promising characteristics of Pd membranes are discussed in 
the following section. 
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2.2. Palladium and Palladium-Alloy based membranes 
Palladium is capable of allowing high loading of hydrogen to pass through it, particularly 
when it is cooled to room temperature in a hydrogen atmosphere. There are some other 
transition elements that can form hydride phases and posses higher hydrogen permeability 
than palladium, which are niobium, tantalum and vanadium. However, these transition 
elements are susceptible to forming oxides, which cause a greater resistance to hydrogen 
transport as the surface reaction limits the hydrogen flux [58,59]. In contrast, palladium 
shows better resistance to oxidation and hydrogen embrittlement [60].  
 
Basically, transportation of hydrogen through Pd-based membranes consists of five steps, 
and is based on the solution-diffusion mechanism shown in Figure 2-2. First, hydrogen 
molecules transfer from the bulk gas phase to the Pd surface on the feed side (top surface). 
The second step is the dissociative adsorption of hydrogen molecules into hydrogen atoms 
on the Pd surface. In the third step adsorbed hydrogen atoms diffuse from the surface into 
the bulk metal lattice as protons and move towards the other side of membrane under a 
driving force such as pressure difference. In the fourth step, hydrogen atoms leave the bulk 
of the metal and appear as adsorbed atoms on the other Pd surface, and then recombine with 
each other to form hydrogen molecules (H2). Finally in the fifth step, hydrogen molecules 
desorb into the permeate gas phase. 
 
Figure 2-2. Hydrogen transport through Pd based metallic membranes. 
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The above series of steps can be described by a mathematical expression (equation (2.1)) 
which is commonly referred as Sieverts’ law. 
( )2 2, 2,0.5 0.5feed permeatePdH H H
Pd
P
J p p
t
= −
                                           (2.1) 
According to Sieverts’ law, hydrogen permeation is controlled by atomic hydrogen 
permeation through the bulk metal [61]. The flux of hydrogen depends linearly on the 
permeability which is the product of diffusivity and solubility (PPd = D·S) and the gradient 
of H2 partial pressure across the membrane, and is inversely proportional to the membrane 
thickness. The ratio of PPd/tPd is often termed as permeance or pressure normalized flux. The 
permeability of PPd is typically described by an Arrhenius type dependency on the 
temperature, as shown in equation (2.2). 
0.exp
A
Pd
E
P P
RT
 = − 
                                                         (2.2) 
At high temperatures the solubility (S) of hydrogen in palladium is lower and often satisfies 
Sieverts’s law. However, the pressure exponent may vary between the values of 0.5 to 1, 
which indicates the influence of another rate limiting step in the H2 transport instead of bulk 
diffusion as in the case of Sievert’s. The deviation of the pressure exponent, i.e. 0.5, is 
attributed to surface adsorption/desorption or contributions from other transport 
mechanisms. Such surface processes can be more dominant with a thinner Pd layer having a 
thickness of less than 1 µm [62]. Different values, 0.5 [58], 0.72 [63] and 1.0 [64], have 
been reported in the literature and have been attributed to the differences in the H2 
concentration and temperature range investigated, as well as the surface properties of the 
membranes. 
 
Thus, the unique properties of palladium towards hydrogen permeation have resulted in 
significant interest and research efforts using palladium membranes for hydrogen separation. 
Nonetheless, it has been reported that a phase transformation between the α and β phase 
hydrides takes place below the a critical temperature of 300ºC, a phenomenon called 
“hydrogen embrittlement” [65,66]. The phase transformation is due to hydrogen loading/un-
loading and temperature cycles, creating substantial stress and reducing ductility. The 
hydrogen embrittlement is one of the main issues that severely affect the durability of the 
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pure Pd membranes. One way to overcome the hydrogen embrittlement is to carefully 
control the operating pressure and temperature. On the other hand, phase transformations 
between the α- and β-hydride phases of Pd can be suppressed by alloying Pd with other 
metals such as Ag, Cu, Au, Y, Ce etc. to prevent the occurrence of lattice distortions [67]. 
 
Pd/Ag alloys are attractive from the standpoint of providing high hydrogen permeability of 
up to 1.7 – 2.0 times that of pure Pd at operating temperature of 300 - 450ºC [68-70]. This 
contributes to turn Pd/Ag into a viable option for industrial sectors and a standard Pd/Ag 
weight ratio at 77:23 is recommended for most commercial applications [67]. In fact, in 
1964, Johnson Matthey used this alloy composition for the thin walled tubes employed in 
their small to medium scale hydrogen purification units [71,72] producing high purity 
hydrogen with less than 0.1 ppm of total impurities [73]. In 2004, the first pilot-scale 
membrane reformer for producing hydrogen was built by Tokyo Gas Co., the largest 
Japanese gas company based in Tokyo. This reformer was prominently the world's first 
membrane type hydrogen generator carrying out steam reforming of methane combined with 
the water gas shift reaction. The purity of hydrogen produced is greater than 99.999% with a 
flow rate of 40 Nm3 h−1 obtained in the range between 500 and 550 °C, significantly lower 
than 800–850 °C in the traditional reactor [74]. However, the typical Pd77-Ag23 alloy has 
limited tolerance to sulfur compounds but is less affected by CO. 
 
Although Pd77-Ag23 alloy is less affected by CO, it has limited tolerance to sulfur 
compounds that inhibit the hydrogen flux through Pd membranes by surface chemisorptions 
by such impurities. Alternatively, Pd/Cu and Pd/Au alloys offer improved resistance to H2S 
poisoning, in addition to enhanced hydrogen permeability at optimum alloy compositions 
[75-81].  Moreover, the original permeability can be restored by treatment in either air, 
steam or hydrogen [76,77]. 
 
In comparison to pure Pd, Pd/alloys are more attractive for hydrogen separation due to 
several reasons, such as lower vulnerability to hydrogen embrittlement and lower cost. This 
provides an alternative way for cost reduction. For example, approximately 50% and 57% 
cost reduction can be achieved by using Pd77-Ag23 and Pd60-Cu40 alloys, respectively 
[82]. Further cost reduction can be obtained through the use of porous substrates where a 
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thinner layer of palladium or palladium alloy can be supported, resulting in a composite 
membrane configuration with improved mechanical strength in comparison to the stand-
alone palladium film. 
 
In terms of the membrane substrates, it should have as small as possible mass transfer 
resistance to hydrogen permeation, in order for a higher permeation flux of the composite 
membrane. In this respect, asymmetric substrates with a thin “top-layer” of small pores and 
smooth surface are suitable for the coating of a Pd-based separation layer. The thin top layer 
is supported by several layers beneath it with relatively larger pores that potentially reduce 
the mass transfer resistance. Sufficient mechanical strength and chemical and thermal 
stability are also important for high temperature applications. As a result, a number of 
inorganic porous materials made from ceramic, Vycor glass and porous stainless steel (PSS), 
have been widely studied as substrates for palladium-based composite membranes.  
 
2.3. Preparation of Palladium Composite Hollow Fibre Membrane  
2.3.1. Porous support for palladium composite membrane 
Ceramic, Vycor glass, and porous stainless steel (PSS), are the most commonly used 
substrate materials in palladium-based composite membranes. Ceramic material such as 
alumina is resistant to harsh chemicals and is stable at high temperatures. However, it is 
susceptible to Pd delamination due to the different thermal expansion coefficients between 
the metallic separation layer and the ceramic support. The delamination is more serious after 
experiencing a number of thermal cycles [83]. In contrast, porous stainless steel possesses a 
more similar thermal expansion coefficient to that of palladium-based membranes, which 
ensures better mechanical properties of the palladium membrane especially during 
temperature cycling. Also, the porous stainless steel supports are more robust and can be 
easily sealed and incorporated into other unit operations by welding, which is another 
advantage over the ceramic counterpart. However, there are still a number of concerns over 
this substrate material. For example, intermetallic diffusion of the support metals, such as 
iron, into the palladium film decreases the hydrogen permeation of the membrane. Therefore 
an additional barrier layer or certain pre-treatment processes, such as oxidization of the 
support, can be used to reduce the intermetallic diffusion of this type. Furthermore, the pore 
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and pore size distribution of PSS supports are relatively larger than ceramic supports, which 
indicate that a thicker Pd-based separation layer has to be applied [79]. Besides the effects of 
support materials, porosity and surface roughness of the support determine the minimum 
thickness of the palladium membrane needed to form a defect-free hydrogen permselective 
separation layer.  
 
According to Li et al. [84], it is necessary to modify membrane supports with poor surface 
properties and large pore size distribution for palladium coating, especially ceramic and 
porous stainless steel substrates. For example, a very thin γ-alumina layer is usually coated 
on top of a porous α-alumina support, in order for a smoother surface for palladium coating 
without significantly increasing the mass transfer resistance of the support [85]. A sol-gel 
method is usually applied in the preparation of γ-alumina intermediate layers of this type, 
with a pore size of 5-20 nm. After surface modification, thinner Pd films with better 
adhesion can be achieved when compared to coarse α-alumina counterparts with a surface 
pore size of 50-500 nm [86].  
 
Recently, a porous asymmetric alumina hollow fibre substrate has been developed using a 
phase inversion method [26,87].  An asymmetric pore structure, i.e. a thin sponge-like layer 
and a thick finger-like region, can be formed in a single-step fabrication process. Gas 
permeation resistance of such a substrate is significantly lower than the symmetric 
counterparts fabricated using a traditional extrusion process, due to the presence of finger-
like macro-voids [87].   
 
2.3.2. Fabrication of asymmetric hollow fibre membrane via phase inversion method 
Over the last several decades, a number of techniques have been investigated and used in 
developing ceramic membranes. The techniques include slip casting, tape casting, pressing, 
extrusion, sol-gel process, dip coating and finally, the phase inversion/sintering method [87]. 
The phase inversion/sintering method has been well studied for fabricating ceramic hollow 
fibres with up-to-date the highest surface area/volume ratio. The novel combined phase 
inversion/sintering method has been adopted for developing various kinds of ceramic hollow 
fibre membranes. For example, Tan et al. [26] prepared and characterised alumina hollow 
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fibre membranes. Liu et al. [89] produced SCYB mixed proton and electronic conducting 
hollow fibre membranes for hydrogen separation. De Jong et al. [90] fabricated a dual layer 
hollow fibre membrane using a triple orifice spinneret with the phase inversion sintering 
method in a single step. Zydorczak et al. [91] prepared ultra thin LSCF hollow fibre for 
enhanced oxygen permeation. Meanwhile, Wang et al. [92] also used the phase inversion 
technique to produce mesoporous YSZ-SiO2 hollow fibre membranes with a mean pore size 
of 3 nm. 
 
In comparison with the extrusion process, which has been traditionally used for developing 
tubular ceramic membranes with symmetric morphology, the combined phase 
inversion/sintering process can be used to form and control the asymmetric pore structure. 
This process is composed of a number of sequential steps, such as preparation of a spinning 
suspension, fabrication of precursor hollow fibre and finally the sintering step, which are 
shown in Figure 2-3 and introduced in detail in the following sections.  
 
 
Figure 2-3. Flow chart of the preparation process of alumina hollow fibre membrane. 
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2.3.2.1 Preparation of spinning suspension 
In the preparation of the spinning suspension, ceramic particles, additives and solvent are 
mixed together to form a homogenous mixture. In this step, the selection of particle size and 
their distribution remarkably affect the resulting porosity and pore size distribution of the 
final membrane [87]. In order to improve the level of dispersion of the suspension, additives 
such as dispersants and polymer binders are added, the amounts of which have to be well 
controlled. The polymer binder is used to bond inorganic particles as it precipitates during 
the phase inversion process, and is fully decomposed during the sintering step. The solvent 
mainly acts as a suitable medium to dissolve additives and binder as well as an exchanging 
agent with non-solvent (coagulant) during the phase inversion process. 
 
Kingsbury et al. [87] has studied in depth the effects of the various components of spinning 
suspensions on the rheological behaviour of the dope, and subsequently on the precursor 
fibres. It was reported that when the viscosity of the spinning suspension is increased to 
beyond a critical point, the fibre morphology can be turned from an asymmetric structure to 
a symmetric structure. It was determined in this work that depending on the spinning 
parameters that are required to achieve desired membrane morphology and on the design of 
the spinneret, the rheology and viscosity of the spinning suspension must conform to certain 
requirements if extrusion is to be successful and result in the formation of a good quality 
fibre. Therefore, the effect of suspension rheology on the extrusion process and on the 
morphology of the hollow fibre precursor cannot be treated independentlyFrom the 
experimental findings, several rules can be adopted in producing a spinnable dope [87]. 
 
2.3.2.2 Spinning 
The second stage in the process involves spinning the precursor fibres by using the spinning 
apparatus shown in Figure 2-4. In this configuration, hollow fibre precursors are spun 
through a tube-in-orifice spinneret. Initially, the prepared spinning dope is degassed under 
stirring to fully remove trapped air bubbles inside. Although it is a simple operation, it 
greatly affects the final membrane quality. The degassed dope is then transferred into a 
stainless steel syringe of 200 ml in volume and is extruded through the spinneret by the 
syringe pump into an external coagulation bath with a certain air gap. In the mean time, 
nonsolvent (usually water) is continuously pumped through the centre of the spinneret to 
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form a hollow and longitudinal tube. The spun fibre precursor is kept in the external 
coagulation bath for several hours to complete the phase inversion process and is then rinsed 
and dried prior to high temperature sintering. 
 
 
 
Figure 2-4. Fibre spinning apparatus. 
 
2.3.2.3 Sintering 
The final step involves high temperature treatment of hollow fibre precursors. The selected 
temperature profile is shown in Figure 2-5. At the high temperature (ca. 1450oC) of the 
sintering process, particles will merge with each other via diffusion bonding, resulting in 
shrinkage and densification of the precursors. The sintering process can be subdivided into 
three main stages: pre-sintering, thermolysis and final sintering. These are described briefly 
in the following sections. 
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Figure 2-5 . The sintering profile of hollow fibre membranes [93]. 
 
(a) Pre-sintering 
Pre-sintering occurs at temperatures of up to 200 oC and is a means of removing residual 
liquid that may remain after the formation of the fibre precursor, any moisture that has been 
absorbed from the atmosphere (sorbed water) and water of crystallization (occluded water) 
that may be present in the ceramic material [77]. It is important to increase the temperature 
slowly as expanding vapour within the interstices of pore structure may cause cracks and 
fractures. Figure 2-5 suggests a heating rate of 2 °C min-1 for this stage. 
 
(b) Thermolysis 
Thermolysis takes place prior to densification and sintering. Organic components such as 
dispersants, binders, and additives are burnt out from the precursor. Incomplete or 
uncontrolled thermolysis may cause defects on the membrane, which is detrimental to the 
performance of the membrane. In addition, the thermochemistry of the binder, additives, 
precursor configuration and heating profile influence the thermolysis behaviour. 
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(c) Final sintering 
The final sintering step involves an initial, intermediate and final stage. All of which are 
associated with the movements of particles caused by increases in the total energy. At the 
initial stage, lattice diffusion from curved surfaces causes a rapid inter particle (bonding) 
neck growth between particles which increases in strength with sintering. The neck growths 
are initiated by mass transport mechanisms that can include any combination of surface 
diffusion, evaporation-condensation, grain boundary diffusion, lattice diffusion, viscous 
flow and plastic flow. However, only the latter four mechanisms are responsible for 
shrinkage and densification. 
 
The intermediate stage, which covers most of the entire sintering process is characterised by 
shrinkage induced by grain growth and changes in the pore geometry. Grain and pore 
growth, also known as coarsening, directly affects the microstructural features of the 
membrane. This grain growth is driven by the decrease in grain boundary energy that results 
from a decrease in the grain boundary area. There are two types of grain growth in ceramic 
membranes: normal and abnormal growth. The normal grain growth is characterised by a 
relatively small change in the distribution of grain sizes while in abnormal growth, a few 
large grains develop and grow rapidly with a reduction of smaller ones. Normal grain 
growth is favourable as the abnormal growth may give rise to defects and non-uniformity 
[87]. 
 
During the final sintering stage, pore changes occur because of expansion and contraction of 
surrounding grains. The pores are assumed to shrink or grow depending on the curvature of 
surrounding grains. As the process proceeds, the surface of the pore always move to towards 
the centre of the curvature causing pores with concave sides to shrink and those with convex 
sides to grow. The sintered alumina hollow fibres are illustrated in Figure 2-6. 
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Figure 2-6. Sintered alumina hollow fibre membranes. 
 
2.4. Coating of Palladium-based Membranes on Porous Support  
Thin palladium and palladium alloy membranes can be deposited on porous substrates by a 
variety of techniques e.g. chemical vapour deposition (CVD), physical vapour deposition 
(PVD), magnetron sputtering, electro-plating and electroless plating. The selection of a 
suitable deposition method is dependent on the nature of the substrate, such as substrate 
material, pore size and pore size distribution etc., as well as the thickness and composition 
of the Pd-based membrane that is to be deposited. A brief review of some of the commonly 
used methods is given in the following sections. 
 
2.4.1. Chemical Vapour Deposition 
In the chemical vapour deposition (CVD) process, the deposits are produced by a vapour-
phase chemical reaction at a controlled temperature. Gaseous compounds of the materials to 
be deposited are transported to a substrate surface where a thermal reaction/deposition 
occurs. Reaction by-products are then exhausted out of the system. The CVD process has 
the advantage of depositing metallic or dielectric coatings of low and high temperature 
melting materials and it is very easy to control the thickness in submicron scales. However, 
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it is difficult to deposit alloys and requires precursor chemicals with very high purity, 
together with strict requirements on deposition conditions, making CVD a very 
uneconomical process.  
 
Yan et al. [94] reported metal organic CVD (MOCVD) using Pd acetate at reduced 
pressures. Due to the first-order dependence of hydrogen permeance on the partial pressure 
difference, they concluded that the diffusion of dissolved hydrogen (i.e. bulk diffusion) is 
not the rate-determining step. More recently, Xomeritakis and Lin [95] reported the 
fabrication of Pd/alumina composite membranes using Pd acetylacetonate. Hydrogen 
permeance increased with the Pd crystal grain size, which indicated that the surface 
adsorption/desorption appears to be rate-limiting. These authors consider that the hydrogen 
permeation through these CVD membranes is based on the solution-diffusion transport 
mechanism. 
 
Kajiwara et al. [96] deposited a 3.5 µm platinum membrane on alumina substrate of 200nm 
in pore size. The selectivity of hydrogen over nitrogen of the membrane was 198 at 500°C. 
Uemiya et al. [97] compared hydrogen permeation through Pd, Ru and Pt membranes 
prepared by CVD and electroless plating on an alumina support (200nm pore size). The 
penetration of the metals inside the surface pores of the substrate was larger for CVD. Even 
though the pores were not completely blocked, the CVD membranes, especially platinum, 
exhibited much higher hydrogen permeability than that of the dense membranes deposited 
by electroless plating. Therefore, they concluded that the permeation mechanism of the 
membranes fabricated by CVD was different from the one by electroless plating.  
 
2.4.2. Physical Vapor Deposition 
Physical vapor deposition or PVD is the evaporation of a metal for condensation on the 
target surface. A resistively heated piece of metal such as a wire can serve as the metal 
source. It is heated until evaporation (thermal evaporation) or sputtered by ions (sputtering) 
on the target surface. During sputtering, a low pressure gas with a large number of ions and 
free electrons, referred to as a plasma, is created via a high energy field. Bombardment of 
the solid (target) by high energy chemically inert (e.g. Ar) ions extracted from plasma 
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causes ejection of atoms from the target which are then re-deposited on the surface of the 
substrate with the help of a magnetic field generated by permanent magnets. The main 
advantage of this technique is that ultra thin nano-structured films with minimal impurity 
can be prepared with greater flexibility for synthesizing alloys. During the deposition 
process, the substrate has been heated up, which enhances the inter diffusion of metal ions, 
and no extra post-heat treatment is needed for alloying [98].  
 
In contrast to CVD, the film can be obtained at relatively lower temperatures, minimizing 
the damage to substrate surfaces. PVD is thus suitable for deposition onto polymer 
substrates, since the substrate can be kept at room temperature. This deposition technique is 
good at controlling the film thickness in the nanometer range, in a clean high vacuum 
environment. However, PVD requires the use of costly vacuum chambers, clean conditions 
and expensive metal alloy targets.  
 
O`Brien et al. [99] prepared Pd/Ag membranes with different sputtering bias and found that 
membranes sputtered at higher bias were more gas-tight, indicating denser coatings and 
fewer or smaller pinholes. On the other hand, a large variation in Ag content was observed 
with higher bias. Due to the thermal stress, cycling and H2 embrittlement, the coatings 
peeled from the substrate. The separation factor (H2/N2) was between 4 and 80 only. 
Jayaraman et al. [100] sputtered palladium of 0.25-0.50 µm thickness onto asymmetric γ-
alumina supports. At larger thicknesses, intrinsic and interfacial shear stresses caused the 
delamination of the film. Figure 2-7 shows Pd film peeled off from a ceramic hollow fibre 
substrate prepared via the sputtering method obtained in Prof. Kang Li’s membrane research 
group, Imperial College London. The optimal deposition temperature of 400°C improved 
the adhesion, due to the balanced intrinsic (tensile) and thermal (compressive) stresses in the 
film. Meanwhile, Basile et al. [101] fabricated a Pd/alumina membrane using sputtering, 
which was also not very permselective because it was deposited on the outside of a ceramic 
membrane with large pores. 
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Figure 2-7. Pd delamination from alumina hollow fibre substrate after being exposed to a 
temperature of 600°C. 
 
2.4.3. Magnetron sputtering 
Magnetron sputtering is a process whereby atoms are ejected from a solid target material 
due to bombardment of the target by energetic particles. It is commonly used for thin-film 
deposition and etching. Zhang et al. [103] conducted Pd-Ag sputtering on V–15Ni 
composite membranes in order to investigate the feasibility for hydrogen permeation. The 
hydrogen permeability recorded for Pd–30Ag sputtered composite membrane was 1.53×10−8 
mol m−1 s−1 Pa−1/2 at 473 K. Nonetheless, it was reported that the Pd-Ag layers tend to crack 
and peel off at a much higher operating temperature. The same effect was recorded for the 
research done by Zhao et al., whose work was on the preparation and characterization of Pd-
Ag alloy composite membranes with magnetron sputtering [102].  
 
2.4.4. Electro-plating 
In electroplating technique, metal electrodes are used to supply electrons to reduce metal 
ions from solution onto the substrate. During the process, positive metallic metal ions 
formed at an anode migrate towards a cathodic membrane substrate in an applied electric 
field. Bhandari and Ma [104] investigated the effect of electroless and electro-plating 
conditions on the morphology of Pd and Ag deposits obtained on a porous metal substrate. 
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In the fabrication of Pd/Ag membranes, Pd was deposited first on the porous stainless steel 
substrate using electroless plating and was sequentially electro-plated with Ag. According to 
a linear sweep voltametry (LSV) study, the over potential for Ag deposition greatly affects 
the morphology of the deposits. The sequential Ag deposition under a low over potential 
produced very uniform Ag deposits which appear similar to Pd deposits obtained from 
electroless plating. On the other hand, a higher over potential resulted in non-uniform 
growth of Ag and deposits with dendritic morphology.  
 
In addition, there was an effort to use a vacuum electrodeposition technique to produce 
ultrathin and pinhole-free Pd alloy membranes. Nam et al. [105] deduced that the composite 
membranes prepared by this method had high hydrogen permeances and selectivities. It was 
concluded that the process appeared to be attractive for fabricating thin and pinhole-free 
films on porous substrates and allowed a good control of the alloy composition. However, 
despite all these promising results, electro-plating techniques require intensive energy input, 
which greatly increases the production cost on top of the expensive Pd. 
 
2.4.5. Electroless Plating 
Electroless plating is currently one of the most practical synthesis methods for large scale 
production of thin supported Pd-based membranes, because of its simplicity and relatively 
low costs [106-108]. In fact, the costs are limited by the use of the relatively cheap 
electroless plating chemicals. Further potential in cost reduction obviously lies in the lesser 
amount of Pd used for thinner Pd membranes. Other techniques mentioned above, such as 
sputtering and chemical vapour deposition (CVD), are less suitable for large scale 
production and are therefore primarily used for fundamental research.  
 
Electroless plating is based on the controlled autocatalytic reduction of a dissolved metallic 
salt by reducing agents at a substrate surface. The plating process is a multi-step process in 
which every stage has to be optimised in order for high hydrogen permeability and 
selectivity, as well as great robustness of Pd/Ag alloy films. Since every step is very critical 
(i.e. support quality, surface activation methods, electroless plating procedures and bath 
chemistry), electroless plating techniques will be discussed in the following three sections; 
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surface activation, bath chemistry and electroless plating procedures.  
 
2.5. Synthesis of Pd Membrane by an Electroless Plating Technique  
2.5.1. Surface Activation 
 
Shu et al. [77] showed that most of the substrates, including plastic and metals, require a 
long induction period to start the deposition of Pd species, since they were not active enough 
to initiate the oxidation of the reducing agent. Therefore a pre-seeding procedure to 
uniformly disperse finely divided Pd nuclei onto the substrate surface, the so-called 
activation process, was used by Uemiya et al. [97] prior to Pd deposition. It was revealed 
that only a significantly shorter induction time was required when an activated substrate was 
used [77]. This traditional activation process consists of successive dipping of the substrate 
in acidic solutions of Sn2+ and Pd2+ salts respectively with gentle rinsing in de-ionized water 
in between. Sn2+ is absorbed on the substrate surface in hydrolytic form (sensitization step) 
and is replaced by Pd0 through the process described by equation (2.4) (catalysation step). 
This activation cycle is repeated several times to produce enough Pd seeds for the further 
deposition of palladium.  
 
2 2 4 0
Sn Pd Sn Pd
+ + ++ → +                                            (2.3) 
    
Shu et al. [77] reported that uniform Pd seeds of about 500 Å in diameter with a small 
amount of tin were seeded on the substrate surface after the activation process. Benefiting 
from the very small sizes and large surface areas, the Pd nuclei seeded on the surface are 
more active than the deposited Pd clusters. Therefore a second activation process is 
employed when the activity of the surface is depleted, especially prior to silver deposition 
on top of the plated palladium.  
 
Meenan et al. [109] characterized the sensitization and activation steps by XPS, and found 
that the Pd(0) centres were covered with a mixture of Sn(II) an Sn(IV) compounds, which 
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reduced their function as catalytic sites. They reported that residual stannic acid (Sn(OH)4) 
and SnO formed on the metallic PdxSny alloy core. An acid or an alkaline accelerator 
solution, e.g. NaOH, HCl, H2SO4, NH4OH, NH4BF4, was added right after the activation 
step to remove the tin salts in order generate more active catalytic sites. The XPS results 
also showed that the accelerator solution dissolved away some hydroxides, but not all of the 
tin oxide. 
 
Zhao et al. [102], Touyeras et al. [110] and Hihn et al. [111] studied the influence of 
ultrasound and bubbling on the conventional activation step and the initial stages of 
electroless plating of Cu. They showed that the mass transfer coefficient and the plating rate 
increased continuously with increased transmitted power. When applied during the very first 
minutes of plating, ultrasound had a significant effect on the plating rate, whereas, no 
obvious changes were observed when ultrasound was applied only at the final stage of 
plating. 
 
The quality of the activated substrates such as the surface roughness and the amount, size 
and distribution of Pd seeds have a strong effect on the quality of palladium composite 
membranes. The presence of tin compounds with a lower melting point between the layers 
of metal films can result in the formation of pinholes and cracks, due to the melting and 
decomposition of the impurities at higher temperatures. This affects the long term stability 
of the membranes. Paglieri et al. [112] compared the long term stability of membranes 
prepared by using the conventional activation process and membranes activated with a new, 
tin free activation process. The new technique consisted of dip coating substrates with 
Pd(O2CCH3)2, calcination and reduction to metallic Pd in H2 atmosphere. The membranes 
activated with the new method were more stable than those activated with the conventional 
procedure.  
 
Li et al. [113] and Zhao et al. [114] replaced Sn-Pd activation by a sol-gel technique in 
which Pd-modified boehmite sol was deposited on the surface of porous alumina, followed 
by a calcination at 550°C and post-treatment in hydrogen at 400°C. The sol-gel activated 
surface was smoother with a more uniform distribution of palladium seeds when compared 
to Sn-Pd activated counterparts.  
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Xu et al. [115] reported another new activation technique called photocatalytic deposition 
(PCD). During this process, under irradiation by a UV light, electron hole pairs appeared on 
the porous titania ceramic substrate (2-3 nm pore size) and palladium was then reduced on 
the surface. The thickness of the resultant membrane was about 0.3-0.4 µm. The reported 
permeability and separation factor are 6.3 x 10-6 mol m-2s-1Pa-1 and 1140 respectively 
measured at 500°C. 
 
2.5.2. Electroless Plating Bath Chemistry 
The electroless plating solution generally consists of a metallic salt, a complexing agent, a 
reducing agent and a stabilizing agent. Electroless plating process occurs at the solid liquid 
interface between the support and the plating solution. It involves reduction of a metal salt 
on a catalytic surface. It is similar to electroplating except that a flow of electrons is not 
supplied by an external source. The reaction is initiated by the oxidation of a reducing agent 
in the plating solution with simultaneous release of electrons, which reduces the metal ions 
on the target surface. The deposited metal catalyses the further oxidation-reduction process, 
resulting in a uniform film on the surface, which is referred as an autocatalytic reaction. An 
activation of the support prior to plating is necessary to initiate this autocatalytic plating 
process.  
 
Dissolved metal ions are reduced onto a substrate as metal deposits using a suitable reducing 
agent, which will be discussed in the following section (2.5.2.1). For Pd the redox and 
overall reactions with hydrazine (N2H4) as reducing agent are shown below. 
2 02 ( )Pd e Pd s+ −+ →                                                                                              (2.4) 
2 0
2 4 2 2
1 1( ) 2 ( ) ( ) 2 ( )2 2Pd N H l OH Pd s N g H O l
+ −+ + → + +
                                        (2.5)    
                    
2 4 2 2( ) 4 ( ) 4 ( ) 4N H l OH N g H O l e
− −+ → + +
                                                         (2.6)  
And for Ag the overall reaction is: 
)()(4
1)()(4
1
22
0
42 lOHgNsAgOHlHNAg ++→++
−+
                                   (2.7)              
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NH3 (aq) and Na2EDTA·2H2O were added to the aqueous solution to adjust the pH value 
and to stabilize the plating bath. Both NH3 and EDTA form complexes with the metal ions. 
The reduced metal is deposited on substrates after activation with Pd seeds. Activation was 
necessary to ensure quick, predictable and uniform deposition of the dissolved palladium.  
 
2.5.2.1  Reducing agent 
Several reducing agents are available for the electroless plating process, such as dialkyl 
amine borane, borohydride, hypophosphite, formaldehyde and hydrazine. Hypophosphite is 
commonly used, but the corresponding deposits contain phosphorus which reduces the 
quality of the film. Formaldehyde is not a good reducing agent, especially in the case of Pd 
deposition since gaseous H2 is released during plating and forms cracks in the membrane. 
Also the reducing power of formaldehyde is low [116]. 
 
Hitherto, hydrazine is the most common and suitable reducer for electroless plating of 
palladium. Cheng and Yeung [117] compared the morphologies of Pd membranes prepared 
from hydrazine-based and hypophosphite-based plating solutions. The hypophosphite bath 
had a slower but constant plating rate, resulting in better efficiency than the hydrazine based 
plating bath. However, the oxidation of hypophosphite released hydrogen gas, leading to β-
hydride phase at low temperatures and caused delamination of the Pd membrane. Therefore, 
chemical reducers that generated hydrogen are not suitable for Pd plating.  
 
Yeung et al. [118] developed a mathematical model to predict the rate and film thickness as 
a function of plating parameters for hydrazine based plating baths. With higher palladium 
and hydrazine concentrations, the plating rate increased and resulted in larger Pd clusters. 
The SEM analysis showed that the cluster size varied along the thickness of the membrane 
as the plating rate changed during the reaction.  
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2.6. Fabrication of Palladium/ Silver (Pd/Ag) Composite Membrane  
2.6.1. Co-plating 
Electroless co-deposition of metals is a complex process. The total metal concentration, the 
content of Ag, the amount of hydrazine, temperature of the plating bath, the substrate 
roughness and quality are some of the critical factors that affect the deposition process. The 
control of the composition on the substrate surface and formation of a uniform defect-free 
dense alloy membrane are hindered by the sensitivity of the plating solution due to the 
different plating behaviors of Pd and Ag. The two major difficulties in the co-plating 
technique are (1) achieving dense deposits, and (2) accurate control of the composition (and 
homogeneity) of the deposits. However, one of the great advantages of this technique is that 
lower temperatures can be used to anneal submicron Pd-Ag particles to from a 
homogeneous separation layer. 
 
Co-deposition behavior of palladium and silver on porous stainless steel was first 
investigated by Shu et al. [77]. EDX and XRD analysis were performed to determine the 
composition of the deposited layer as a function of Ag content in the plating bath, keeping 
the same total metal concentration. The baths containing more than 20 at.% of Ag resulted 
in the preferential deposition of silver, which inhibited further deposition of Pd. An effective 
activation of the substrate surface with Pd was developed to reduce the Ag enrichment on 
the substrate. A silver precursor was then introduced into the Pd plating bath at a later stage 
of the plating. Although the modified technique increased the Pd content in the film, the 
plating solution with 83.4% Pd and 16.6% Ag still gave a deposit dominated by Ag phase. 
Due to the fact that the co-deposited Pd and Ag were in separate phases, annealing in H2 
atmosphere at 400°C for 150 minutes led to a bi-layered membrane with a fcc Pd-Ag alloy 
phase and a small amount of Pd residual phase. No permeation data or thickness was 
reported. 
 
Huang et al. [120] compared the influence of various supports on the plating rate of the Pd-
Ag layer. The authors confirm that the co-deposition rate of Pd-Ag depends considerably on 
plating bath temperature, substrate, Ag content in the plating bath as well as the amount of 
activated Pd. The thickness of the film on the α-Al2O3 substrate (mean pore size of 95.9 nm) 
and the supported γ-Al2O3 support (mean pore size of 8.6 nm) were 2 and 3.5 µm 
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respectively after 1 hour plating. The deposition rate increased with the number of Pd sites 
formed in the activation procedure. By applying Pd pre-deposition prior to co-plating, a 20 
µm Pd90-Ag10 film was deposited on a α-Al2O3 support in 8 hours. The selectivity factor of 
this membrane was 30-178 at temperatures of 200-343°C, which was very low when 
compared to the pure Pd films of the same thickness. 
 
Most recently, Chen et al. [121] used mixed potential theory to explain the deposition 
behaviours of Pd and Ag during plating. The deposition rates of Pd and Ag obtained from 
polarization curves followed the order Ag/Pd > Pd/Pd > Ag/Ag. This also inferred that Ag 
was preferentially deposited on Pd than on Ag sites. The difference in the deposition rates 
lead to the growth of dendiritic structures with higher silver content than that in the plating 
solution. As the total metal concentration and silver content increased, the deposited layer 
was more dendiritic and therefore more porous. No dense membrane was reported. 
Furthermore, the high melting point of Pd, 1828 K, makes it very difficult to repair the 
porous metal structure with a post heat treatment, as the alumina support will be damaged at 
that temperature. Moreover, at such a high temperature Ag with the much lower melting 
point of 1235 K will be lost due to the evaporation. 
 
2.6.2. Sequential Electroless Plating 
Coating and diffusion treatment consists of sequential deposition of two films, followed by 
an additional inter-diffusion process at high temperatures. The bulk composition can be very 
precisely controlled by using this method. However, the homogeneity of the film and 
permeability strongly depends on the annealing conditions as well as the thickness and 
composition of the layers. In other words, in the sequential electroless plating procedure the 
alloying of the Pd and Ag layers is just as important as the deposition of the Pd and Ag 
layers. 
 
Keuler and Lorenzen [122] synthesized Pd-Ag membranes by successive deposition of Pd 
and Ag, respectively, on the inner surface of alumina tubes (200nm pore size). The 
thicknesses of the membranes were between 1.4-2.13 µm (20-25 wt.% Ag). A pure Pd 
membrane and a Pd-Ag membrane of similar thicknesses were tested from 330 to 450°C. 
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The H2 permeance of the Pd-Ag membrane was three times lower than that of pure Pd, 
which confirmed that separate layers of Ag could result in very poor permeance. They also 
developed a heating procedure with an intermediate oxidation step.  
 
2.7. Heat Treatment on Pd/ Ag Homogeneity  
A few authors have used several techniques to determine the homogeneity of the Pd/Ag 
alloy after heat treatment. Uemiya et al. [78] used SEM/EDX to study the cross-section of a 
film stripped from its alumina support, and found a layer of pure palladium and a layer of 
palladium-silver alloy after the heat treatment at 973 K. Continuing this work Kikuchi [76] 
showed that a heat treatment at 1073 K for 12 hours under inert conditions achieved full 
mixing. 
 
In an article published in 1996, Shu et al. [77] reported Auger depth profiling results of 
samples heat treated for five hours at 673-1073 K in hydrogen. All heat treatments resulted 
in partially mixed systems. In addition, from 923 K onwards, iron from the stainless steel 
support intruded into the Pd/Ag layer which is undesirable. Shu et al. introduced a titanium 
nitride diffusion barrier to prevent iron diffusion towards the Pd/Ag layer up to 973 K. 
However, at 1073 K, iron inevitably diffused into the Pd/Ag layer that was only partially 
mixed during the heat treatment. This implies that stainless steel supports are not very 
suitable for the sequential electroless plating method due to the necessarily for high 
temperature post heat treatment. 
 
The overview of the heat treatments used to alloy the membranes and the characterization 
techniques used to check the successfulness of the alloying indicate that there is a great 
likelihood of widespread use of inadequately mixed Pd/Ag membranes. The heat treatments 
can be split in two groups: treatment in inert gas and treatment in hydrogen atmosphere. For 
heat treatments under inert gas conditions, Uemiya et al. [78] have shown that 12 hours of 
treatment at 1073 K results in a fully mixed system. The depth profiling results found in the 
literature for samples heat treated in hydrogen guarantee that, almost all cited hydrogen 
treatments have failed to adequately mix the Pd and Ag layers for the normal plating order, 
i.e. electroless plating Pd prior to Ag. 
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In addition, Shu et al. [77] reported that hydrogen permeation through a Pd/Ag alloy 
membrane, both at 473 K and room temperature, leads to palladium enrichment towards the 
retentate side and silver enrichment towards the permeate side after a long run. These 
phenomena affect the rate-limiting step which initially dominated by atomic diffusion and 
finally dominated by surface process. The authors suggest that the palladium enrichment on 
the retentate surface is driven by hydrogen chemisorption on palladium sites whereas at low 
hydrogen pressure of permeate side where hydrogen desorption occur, the Pd-H coverage is 
lower resulting in silver enrichment on this surface. Due to this fact, the increase of Ag on 
the permeate side causes a decrease in the number of active sites necessary for hydrogen 
association and dissociation steps. 
 
2.8. Membrane Reactor Applications 
A membrane reactor is a device that combines a membrane-based separation process or 
distribution process with a chemical reaction in one unit [106]. The definition is very 
general and implies that the system could be in various configurations in order for the best 
reactor performance for a certain chemical reaction. In particular, the combination of two 
different functions, i.e. reaction and separation, results in process simplification, fast 
processing time and reduction in equipment size with less capital and operating costs. The 
benefits of this synergistic coupling are obvious in thermodynamic equilibrium limited 
reactions, for example, the membrane can promote the reaction by selectively removing one 
product from the reaction zone through the membrane and thus shift the equilibrium towards 
the product side. Moreover, membrane reactors can control the supply of reactant to the 
reaction zone to optimise the concentration ratio of the reactant stream. As a result, product 
yields and selectivity can be improved by suppressing undesired reactions and the formation 
of by-product(s). The two main functions of a membrane reactor are illustrated in Figure 2-8 
and Figure 2-9. 
 
2.8.1. Membrane as reactant distributor      
Figure 2-8 illustrates the function of a membrane reactor as a “distributor”, which is based 
on using membranes to dose (distribute) certain reactants into the reactor in order to achieve 
higher selectivities and yields. For example, in the selective catalytic hydrocarbon oxidation 
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reactions, intermediate products (D) may be more reactive towards oxygen (B) than the 
original hydrocarbon (A). In order to suppress the secondary reaction producing (U), a lean 
concentration of (B) can be distributed at controlled rate along the reactor length through a 
selective membrane from a different compartment to favourably influence the reactor 
selectivity. In contrast to the conventional fixed-bed reactor, the concentration of (B) is 
highest at the reactor entrance and decreases monotonically with reactor length. As a result, 
the selectivity is usually low at the reactor inlet where the reaction rate is the highest, and 
this negatively affects the overall yield.    
 
Figure 2-8. Schematic diagram of membrane reactor as reactant distributor. 
 
In particular, Peter Kolsch et al. carried out a feasibility study on one-step partial oxidation 
of propane to acrolein in a membrane reactor that potentially enhanced product selectivity 
and yield [123]. An oxygenate-selective membrane was fabricated from silicon oxide 
derived from TEOS hydrolysis. This particular membrane shows selectivity characteristic 
towards polar components. Hence, the membrane is suitably used for selective removal of 
acrolein from the reactor as well as water. Single gas permeation carried out at 500ºC 
showed that acrolein and water permeates twice as fast than other feed or product 
components present in the reaction. The separation factor of acrolein with other reaction 
products was found to be 2-3. Experimental result showed that membrane reactor produced 
acrolein five times higher yield than a fixed-bed reactor while selectivity increased nine 
times. This was due to dosing of O2 along the reactor as well as continuous removal of 
acrolein and water through the membrane that prevents the further oxidation and thermal 
destruction of acrolein.  
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In fact, most of the recent research efforts in the area of catalytic partial oxidation reactions 
utilize dense solid oxide membranes. The earlier type of such membranes was conventional 
solid oxide electrolytes (PbO, Bi2O3, etc.). Despite the fact the materials have good mobility 
of oxygen anions in their lattice, they exhibit poor electronic conductivity, and thus require 
additional use of an external circuit. Significant advances in this area lead to the introduction 
of perovskites [127,128] and brownmillerites [129,130] that exhibit good ionic and 
electronic conductivity with good thermal stability. 
 
2.8.2. Membrane as extractor 
The most widely acceptable membrane function is selective removal of products from the 
reaction zone by which a membrane serves as an “extractor”, as illustrated in Figure 2-9. 
This function is suitable to a number of equilibrium limited reactions e.g. dehydrogenation, 
in order to increase product yield and conversion by shifting equilibrium beyond the 
thermodynamic equilibrium (according to Le Chatelier’s Principle). The equilibrium shift is 
due to hydrogen extraction from the reaction zone. For high temperature dehydrogenation 
reactions, the most popular membrane type that has been used widely is Pd or Pd based 
alloy composite membranes. In such a membrane configuration, greater H2 extraction rates 
can be further achieved through utilization of sweep gas that flows counter-currently in the 
shell side. The membrane configuration is further discussed in the following section. 
 
 
Figure 2-9. Schematic diagram of membrane reactor as extractor. 
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2.8.2.1 Membrane reactor configurations 
There are several different configurations that have been proposed in the open literature in 
order to synergistically combine the membrane separation module and the reactor into a 
single unit. Sanchez and Tsotsis [131] have classified these configurations for catalytic 
membrane reactors into six basic types which are listed in Table 2-1. 
 
Table 2-1. Classification of membrane reactors (Sanchez & Tsotsis, 2002). 
Acronym Description Features 
CMR Catalytic membrane reactor • A membrane with inherently catalytic 
layer or a membrane prepared by 
catalytic material. 
• Both separation and reaction occur at 
the membrane surface. 
CNMR Catalytic non-permselective 
membrane reactor 
• A membrane providing catalyst sites 
however cannot separate certain 
substances like CMR, mostly serves as 
reactant distributor rather than 
separator. 
PBMR Packed-bed membrane reactor • Catalyst packed either in the interior or 
exterior of the membrane structure. 
• Membrane acts as reactant distributor. 
PBCMR Packed-bed catalytic membrane 
reactor 
• Catalyst packed either in the interior or 
the exterior of the membrane structure. 
• Membrane prepared with catalytic 
material and acts to separate certain 
substances 
FBMR Fluidized-bed membrane reactor • Identical as PBMR nonetheless 
catalyst is not packed. 
• Has better temperature control 
compared to PBMR especially for 
exothermic process. 
FBCMR Fluidized-bed catalytic 
membrane reactor 
• Similar as FBMR however membrane 
has catalytic properties. 
 
The membrane in a catalytic membrane reactor (CMR) serves both as separator and catalyst 
support, which is normally prepared from materials that have the ability to separate the 
desired substance while providing the reactive sites. Catalytic non-permselective membrane 
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reactor (CNMR) utilizes a membrane with catalytic properties that only distributes the 
reactant for the enhancement of yield and selectivity of the product. Presently, the most used 
reactor configuration in research studies is the packed bed membrane reactor (PBMR) with 
the catalyst packed in the membrane tube. The membrane is used to separate the desired 
product from the mixture of products downstream, as well as to distribute the reactant for 
the purpose of increasing reaction area.  
 
2.8.3. Catalyst deposition in membrane reactor 
Meille [132], Xioding and Moulijn [133] have made a comprehensive review on the variety 
of techniques used to deposit catalysts onto structured surfaces or within the pores of 
catalytic membranes, depending on the properties of the surface and the type of catalyst 
utilized. In general, a very thin layer of catalyst that adheres to the reactor wall is preferred 
due to better mass and heat transfer. Therefore, several techniques such as chemical vapour 
deposition (CVD), physical vapor deposition (PVD), anodic oxidation, sol–gel coating, 
washcoating and electro deposition have been used widely for coating thin catalyst layers in 
micro-reactors [131]. However, in the perspective of incorporating catalyst in the finger-like 
voids of hollow fibre membranes, sol-gel methods and washcoating in association with 
conventional impregnation methods are the most appropriate methods that will be discussed 
below. 
 
2.8.3.1 Catalyst incorporation using washcoating method 
The washcoating of ceramic monoliths is well established, and different washcoating 
processes can be found in reviews [132-134]. The slurry properties are paramount for 
obtaining uniform and reproducible washcoating layers. These include pH of the slurry, 
particle size, viscosity and slurry concentration [135,136]. In washcoating, the support is 
immersed in a suspension with the appropriate rheology, and is then withdrawn at a constant 
rate [137]. In most of the studies, aluminium containing metallic substrates have been used 
in order for the formation of an Al2O3 layer on the surface of the substrate after thermal 
treatment at high temperatures [138,139]. The homogeneity and adherence of this coating 
are dependent on the physico-chemical properties of the metallic alloy and on the interaction 
between the alloy and the coating. However, for aluminium-free substrates a primer coating 
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can be used to form a thin layer of alumina which can enhance the adherence of the 
subsequent washcoat layer [140]. 
 
The stability of the slurry is important for obtaining uniform washcoats. To obtain a stable 
slurry, the particles in the slurry should be well-dispersed. This dispersion, in turn, depends 
on the net surface charge of the particles [141]. For alumina, it is well known that to obtain a 
stable suspension, the pH should be less than 5 or more than 9 [142]. Depending on the 
energy of the adsorption process, some polymers, such as poly vinyl alcohol (PVA) can be 
used as binders whereas others such as poly (methacrylic acid) can be used as dispersants. 
When PVA is used as a binder there can be a decrease in the surface area as well as the 
activity of the final catalyst. Moreover, during calcination large amount of gases can be 
released which may create cracks in the coating. Instead of organic binders, inorganic 
binders such as alumina sol or colloidal alumina can be used as binders [141]. Germani et al. 
[143] reported washcoating of alumina on SS316 with different binders, and found that the 
surface area decreased after addition of binders and this decrease depended on both the 
nature as well as the concentration of binders. 
 
Pina et al. [144] impregnated platinum on a γ-Al2O3 support layer for catalytic combustion 
of volatile organic compounds in a membrane reactor. The γ-Al2O3 catalyst support was 
prepared via a boehmite sol-gel route and was coated on an α-Al2O3 substrate followed by 
drying and calcination at 773 K. The cycle was repeated until a desired weight gain of wash-
coat was achieved. Next, platinum catalyst was brought into contact with γ-Al2O3 by wet 
impregnation using chloroplatinic acid, followed by drying and calcination steps. 
Meanwhile, Perez et al. [145] successfully deposited platinum on a ceramic porous 
multilayered membrane by immersing the membrane in a chloroplatinic acid solution for 4 
hours. Then, nitric acid was used to wash the membrane followed by drying under nitrogen 
at 373 K for 1 h. Finally, the impregnated membrane was calcined for decomposition of 
platinum precursor. SEM and TEM characterisations confirmed that platinum crystallites 
were successfully loaded inside the mesoporous layer. 
 
For any catalytic process, the catalysts usually require high surface area, appropriate pore 
structure and thermal stability. Since the first report of the ordered mesoporous material, 
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named SBA-15 in 1998 [146], it has became a very popular material due to its textural 
properties that include: large surface area, well-ordered adjustable mesopores interconnected 
by irregular micropores [147], thick pore walls and a notable thermal and hydrothermal 
stability in comparison with the most popular MCM-41 material [148]. These characteristics 
present SBA-15 as an interesting material for applications such as adsorption [149], 
catalysis [150,151] and templates in the synthesis of nanowires [152]. Furthermore, the 
synthesis of the material can be accomplished using a cheap silica source, sodium silicate 
[153], which makes the synthesis commercially viable. In catalysis, an interesting possibility 
is to use the high surface area and porosity of the SBA-15 for the dispersion of active 
phases. Supporting SBA-15 on a metallic monolith should offer the advantages of both 
technologies, a high surface area to disperse an active phase, as previously said, and those 
derived from the structure of the metallic monolith [154]. 
 
In Professor Kang Li’s membrane group, Gbenedio et al. [155] synthesized mesostructured 
silica monoliths (SBA-15) which were used as the support of the Pt catalyst for propane 
dehydrogenation reaction in a hollow fibre membrane reactor. P123 as dispersant was first 
dissolved fully in a mixture consisting of ethanol in the presence of HCl. Tetraethyl 
orthosilicate (TEOS) was then added to the solution under stirring condition, forming a 
transparent sol. The fibres were immersed in the resultant sol and were degassed under 
vacuum for 1 h at room temperature, removing air trapped in the finger-like voids of the 
substrates and allowing the infiltration of the sol into the substrates. The substrates were 
then placed in a flowing air stream at room temperature for 48 h, during which the sol in the 
substrates changed to gel. After that, the substrates were heated at 333 K for 20 h in liquid-
paraffin and sintered at 823 K for 6 h with heating and cooling rates of 0.5 K/min, during 
which the gel changed into silica SBA-15 inside the finger-like voids of the substrate. Next, 
Pt was subsequently impregnated onto the deposited silica SBA-15 by immersing the 
resultant samples in an aqueous solution of H2PtCl6 at room temperature. After 
impregnation, the substrates with the Pt (1 wt. %)/SBA-15 catalyst in the finger-like voids 
were dried at 383 K overnight and calcined at 773 K for 4 h with heating and cooling rates 
of 2 K/min. SEM characterisations confirmed that the asymmetric alumina hollow fibre 
substrates was functionalized by SBA-15.  
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2.8.3.2 Sol-gel method 
Catalyst deposition using sol-gel method offers the ability to control surface and bulk 
properties. In the Pechini process [156], polybasic chelates are formed between α-hydroxyl 
carboxylic acids containing at least one hydroxyl group and metal cations. The chelates 
undergo polyesterification on heating with the polyfunctional alcohol (ethylene glycol) to 
form a large metal–organic complex. Further heating produces a viscous resin, then a rigid 
transparent glassy gel and finally a fine oxide powder. Meanwhile, citrate gel precursors 
offer chemical uniformity and control of the composition [157]. Coordination of the metals 
in the metal–organic complexes remains unchanged on polymerization and molecular level 
mixing is retained at the resin stage. 
 
At Imperial College London, Rahman et al. [158] prepared 30 wt.% CuO/CeO2 catalyst 
using the sol–gel Pechini method for the water gas shift (WGS) reaction. The procedure is 
shown in Figure 2-10. The initial preparation involves the dissolution of Ce(NO3)3·6H2O 
and Cu(NO3)2·3H2O in deionised water in the presence of citric acid. Then, ethylene glycol 
was added into the solution to homogenize  the catalyst solution. The catalyst solution was 
injected into the lumen of Al2O3 hollow fibres and this process was repeated several times. 
Then, the Al2O3 hollow fibres were dried in an oven at 60 to 90 °C for 24 h and further dried 
at 115 °C for 2 h to complete the polymerisation of a polymeric resin precursor. The xerogel 
formed during drying process was calcined at 400 °C for 1 h. The amount of catalyst 
deposited inside the finger-like region of two Al2O3 hollow fibres was approximately 30 mg.  
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Figure 2-10. Sol-gel Pechini method [159] 
 
Based on the discussion above, both sol-gel method and wash-coating in association with 
conventional impregnation methods can be utilized as a suitable technique to deposit 
catalyst into the porous supports. 
 
2.8.4. Catalytic Membrane Reaction Processes 
Catalytic membrane reactors has the potential to advance the process industry by enhancing 
selectivity and yield, reducing energy consumption, improving operation safety and 
miniaturizing the reactor system. The following sections outline some of the applications of 
inorganic membrane reactors which include hydrogenation reactions and dehydrogenation 
reactions. 
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2.8.4.1 Hydrogenation Reactions 
In recent years, palladium-based membrane reactors have been utilized and tested in 
numerous reactions involving removal or supply of hydrogen. For hydrogenation reactions 
involving liquid hydrcarbons, the membrane’s role is to separate two different phases i.e. 
liquid and gaseous reactant (e.g. hydrogen) by which hydrogen can be distributed at a 
controlled rate through the membrane for delivering hydrogen into the liquid phase. It has 
been reported that the hot spots in the reactor or undesirable side reactions can be avoided. 
Therefore, in CMR applications, the porous membrane creates a triple-point interface 
between the three different phases (gas, liquid, and the solid catalyst on the membrane) 
[160]. This may offer great advantages in reducing mass transfer limitations typically 
encountered in classical slurry or trickle bed reactors. 
 
The application of CMR for hydrogenation reaction was pioneered by Gryaznov and his 
coworkers [160]. Apparently, they studied a number of important hydrogenation reactions in 
the production of fine chemicals using Pd membranes. In such reactors, hydrogen flowing 
on one side of the membrane diffuses in a controlled manner through the Pd membrane, and 
emerges on the other side in the form of highly reactive atomic hydrogen to react with the 
liquid phase. To provide a hydrogen source for hydrogenation reaction, Gryaznov and 
coworkers had coupled the reaction with a dehydrogenation reaction carried out in the next 
reaction chamber.  
 
Itoh et al. [161] suggested direct coupling of hydrogenation of benzene to cyclohexane with 
water electrolysis carried out in a polymer (Nafion®, Du Pont) electrolyte electrochemical 
cell. The author proposed a sustainable process route for hydrogenation of benzene to 
cyclohexane as on-board chemical hydrogen carriers. A Rh-Pt catalyst that is active for the 
electrochemical hydrogenation of benzene was integrated into polymer electrolyte using a 
soaking-reduction process. Water electrolysis took place at anode that forms hydrogen 
which eventually diffuses through the membrane towards the cathode side. At the cathode 
the electrochemical hydrogenation reaction of benzene occurred in the temperature range of 
25-70 ºC at atmospheric pressure. Other work done by the author includes coupling 
cyclohexane dehydrogenation reaction with n-hexane reforming in a Pd membrane reactor 
[162]. They have proven that, the hydrogen removal through the membrane favourably 
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impacted the dehydrogentation reaction whilst providing a positive effect on the reforming 
reaction without considerable catalyst deactivation.  
 
Hydrogenation reactions have also been studied with catalytic membrane reactors using 
porous membranes. In this case, the membrane serves as a contactor between liquid and 
gaseous reactants that serves as a support for the catalyst incorporation in the porous matrix 
of the membrane. Therefore triple-point interface between three different phases can be 
established within the membrane. Pan et al. [163] used γ-Al2O3 impregnated with cobalt and 
liquid reactant was fed in one side of the membrane and the gaseous reactant was introduced 
at the other side of membrane. Liquid reactant was brought into contact with catalyst via 
capillary force in the presence of gaseous reactant. A high catalytic activity of 1.53 (mol 
cinamaldehyde/mol Co.h) was reported. 
 
Polymeric membranes have also been used in hydrogenation reaction as contactors. Liu and 
co-workers [164] prepared catalytic hollow fibre membranes by supporting polymer 
(polyvinylpyrrolidone, PVP) anchored Pd catalyst on the inside wall of cellulose acetate 
hollow fibres. The reaction of interest was hydrogenation of propadiene and propyne to 
propene and operated at 40 ºC at atmopheric pressure. The membrane reactor efficiently 
reduced the content of propadiene and propyne to <10 and 5 ppm respectively with 97.8% 
converted to propene.  
 
2.8.4.2 Dehydrogenation Reactions 
 
The catalytic dehydrogenation reaction of light alkanes is important for the production of 
alkenes, valuable starting materials for a variety of applications. As most dehydrogenation 
reactions are endothermic and as such equilibrium limited at low temperatures, the 
employment of a membrane reactor to selectively separate hydrogen from the reaction 
mixture can greatly increase the conversion and enable the reactor to operate at lower 
temperatures.  
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Membrane reactors have been tested for dehydrogenation of ethylbenzene to styrene. 
Styrene is one of the most important monomers used in polymer industry [165,166]. A 
number of studies have been reported on the application of membrane reactors particularly 
PBMR using Pd membranes supported on porous alumina and stainless steel substrates 
[167]. They confirmed that the increase in styrene yield with membrane reactor compared to 
conventional packed-bed reactor. Tiscareno et al. reported that continuous hydrogen 
removal suppresses undesirable hydrodealkylation side reactions thus improving the 
selectivity [165].  
 
R. Dittmeyer et al. [106] performed simulation studies on ethylbenzene dehydrogenation 
reaction to styrene in a palladium composite membrane reactor. The author demonstrated 
that the performance of the membrane reactor is controlled by membrane permeability and 
reaction kinetics, by which 4–27 % savings of the ethylbenzene feed at equal styrene output 
was predicted for industrially relevant operating conditions. Besides savings of raw 
materials, a second advantage of the membrane reactor is the reduction of ethylbenzene load 
of the ethylbenzene/styrene fractionation column, due to higher conversion. Moreover, a 
simplified heat management allows the combustion of the permeated hydrogen for 
supplying heat required for the dehydrogenation. Concerning membrane permeability, the 
simulation analysis showed a remarkable contribution of the support i.e. substrate porosity, 
mean pore size as well as Pd thickness and permeability that affect the overall hydrogen 
transport resistance in view of tube size suitable for an industrial-scale reactor.  
 
Cyclohexane dehydrogenation to benzene is another reaction studied by a number of 
researchers. The reaction has great potential for hydrogen storage and renewable energy 
applications [168]. Terry et al. Studied this reaction using commercial (U.S. Filter) ceramic 
membranes of various pore sizes modified by successive thin layers of silica. With coated 
membranes, 300% increase in yield was obtained compared to conventional reactors under 
similar conditions. The author claimed that the enhancement is due to the Knudsen 
dominated diffusion mechanism of the coated membrane. Itoh et al. studied a similar 
reaction using PBMR with microporous carbon hollow fibre membranes prepared via 
pyrolysis of polyimide precursors. Throughout the reaction test, a 300% conversion 
enhancement with respect to the equilibrium was obtained [169].  
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In 1997, Itoh et al. [170] studied the dehydrogenation of cyclohexane to benzene using 200 
micron thick palladium membranes containing 0.5% (w/w) Pt/Al2O3 catalyst. In this reactor 
configuration, the palladium tube was packed with catalyst. The reaction took place in the 
catalyst bed and hydrogen permeated through the membrane walls into the shell side, 
shifting the reaction to the product side.  In the shell side, argon was used as sweep gas to 
remove the hydrogen permeating through the membrane tubes. The reaction conditions were 
200°C and 100 kPa and the cyclohexane was diluted by argon. It was shown that the 
conversion of cyclohexane in the membrane reactor can be increased to nearly 100%, which 
is a noticeable improvement over the equilibrium value of 18.7% in a conventional packed-
bed reactor.  
 
The dehydrogenation of various alcohols has been reported by a number of research groups. 
These dehydrogenations of alcohols include ethanol to acetaldehyde [171], methanol to 
methyl formate [172] and 2-butanol to methyl ethyl ketone (MEK) [173]. Raich and Foley 
[171] discovered a selectivity improvement during dehydrogenation of ethanol to 
acetaldehyde in PBMR with Pd membrane. The hydrogen removal through Pd membrane 
helps to shift equilibrium to acetaldehyde side while suppressing the reverse reaction with 
ethanol. The conversion increase was reported to be from 60% to nearly 90%. 
 
The catalytic dehydrogenation of methanol to methyl formate has been studied by Lefu et al. 
[172] in a Pd/Ag membrane reactor incorporated with a CuO-ZnO-ZrO2/Al2O3 catalyst. The 
performace of PBMR was superior compared to a fixed-bed reactor. For a similar reaction, 
Amandusson et al. found the Pd membrane could serve as catalyst. He believed that at 350 
ºC, methanol absorbs on the palladium surface which eventually decomposes producing 
absorbed hydrogen and a carbonaceous surface overlayer [174]. Hydrogen can desorb from 
the membrane surface or permeate through it. In his initial observation, hydrogen permeated 
through the membrane but later decreased until it completely stopped. He deduced that this 
was due to the carbon monoxide/carbon coverage on the membrane surface. This can be 
overcome by adding oxygen in the methanol supply. 
 
Johan N. Keuler [173] performed dehydrogenation of 2-butanol to methyl ethyl ketone 
(MEK) in a membrane reactor. The membrane reactor consisted of a Pd/Ag film (2.2 µm 
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thickness) deposited on the inside of a α-alumina tube and packed with a 14.4 wt. % Cu on 
SiO2 catalyst. The performance of the membrane reactor, at temperatures from 190 to 
240 °C, was compared to that of a plug flow reactor. The effects of the 2-butanol feed flow 
rate and the sweep gas to feed molar ratio on 2-butanol conversion were investigated. The 
membrane reactor performed significantly better than the plug flow reactor in both the 
equilibrium and non-equilibrium restricted feed flow regimes. The 2-butanol conversion 
increased with an increase in the sweep gas flow rate, but decreased with an increase in the 
2-butanol feed flow rate. At 240 °C, conversions reached 93% as compared to 80% of the 
plug flow reactor. Selectivity towards MEK production was above 96% for all experiments 
conducted. 
 
2.8.4.3 Palladium Membrane Reactors for Methylcyclohexane Dehydrogenation 
Palladium based membranes were tested in the past in numerous reactions with removal or 
supply of hydrogen for higher reaction yield and selectivity. The dehydrogenation of 
hydrocarbons is normally carried out at very high temperatures, yet only low yields can be 
obtained. If hydrogen is removed continuously from the product mixture using a selective 
membrane, equilibrium can be shifted in favour of greater yields of hydrogen. Palladium 
membranes have been used for dehydrogenation reactions since the 1960's. 
 
Ali et al. [175] investigated the dehydrogenation reaction of methylcyclohexane (MCH) to 
toluene (TOL) which has some technological background in the context of using hydrogen 
as a secondary energy carrier. The membrane reactor used in the experimental studies was a 
250 mm long stainless steel tube with an inner diameter of 15.8 mm. A Pd/Ag tube of 3.1 
mm diameter and 200 µm wall thickness, closed at one end, was placed in the center line of 
this reactor. The reactor was charged with a commercial noble metal catalyst of about 1 mm 
particle size diluted with spherical glass beads. The reaction was studied in the temperature 
range of 300 – 400 °C and at a reaction pressure of 0.5-2 MPa, with liquid hourly space 
velocities (LHSV) of 2-12 h-1. They found that at 1.5 MPa and 340°C, the conversion of 
MCH was 48% at LHSV=10.2 h-1, 59.5% at LHSV=6.5 h-1, and 80% at LHSV=3.6 h-1, 
much higher when compared to the equilibrium value of 42%. 
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In a separate investigation by Ali [176], the author noticed that membrane deactivated when 
first exposed to MCH and TOL in the presence of H2 with a gradual decline in H2 
permeability. The permeability was restored after air oxidation and resulted in constant H2 
permeation rates. This observation contradicts with Itoh [177] who quoted no measurable 
performance loss of Pd membrane after 120 hours operation at atmospheric pressure. 
Interestingly, Itoh et al. used an extremely low feed rate with Pd membrane having an area 
3.5 times larger than Ali et al. which suggests less impact on the reaction. In the case of Ali, 
a constant H2 permeation rate at 633 K was observed after oxidative treatment for 32 hour. It 
is believed that through treatment, membrane coke precursors originated from non-volatile 
compounds disappeared while restoring the original membrane permeability. 
 
P. Ferreira et al [178] evaluated some important parameters that affect the conversion of 
methylcyclohexane dehydrogenation over Pt/Al2O3 catalyst using a porous Vycor membrane 
reactor. The parameters of interest include reactant feed flow rate, sweep gas flow rate, 
direction of the sweep gas stream relative to the feed flow and the amount and distribution 
of the catalyst. Permeability measurements through the membrane indicate that the transport 
mechanism for light gases obeys the Knudsen-type diffusion model. The author confirmed 
that by appropriate adjustment of experimental conditions for H2 equilibration, the 
production and the extraction rates resulted in positive benefits on the overall performance 
of the system. For a given ratio between the reactant feed flow and the membrane surface 
area, the appropriate extraction conditions used can improve the yield. This can be 
performed by increase in sweep gas flow rate with countercurrent operation with higher 
reaction pressure.  
 
Itoh et al. [179] carried out cyclohexane, methylcyclohexane and their mixture using a 
palladium membrane reactor up to 300 ºC and 4 bars. The evolved hydrogen was selectively 
separated from the catalyst-packed reaction zone through the palladium membrane. The 
applicability of MCH-cyclohexane mixtures were investigated intentionally to improve the 
physico-chemical characteristic of cylohexane having a relatively higher melting point ca. 
6.5 ºC  that limits its use in cold regions. The author found that the conversion of MCH was 
higher with the membrane reactor than without membrane separation. Similar to the findings 
of P. Ferreira et al. [178], Itoh et al. observed conversion enhancement at high reaction 
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pressure. Although chemical equilibrium is unfavoured at high pressure for dehydrogenation 
reaction, the driving force for hydrogen permeation preferentially contributes to higher 
conversion. Unlike in MCH case, the conversion of cyclohexane was lower under the same 
operating condition although they are in the form of a mixture. The dehydrogenation of the 
MCH mixtures exhibited almost identical reactivity with its pure form regardless of various 
proportions of mixtures. In conclusion, the mixtures as a hybrid type of chemical hydride is 
practical for use, with optimum composition of 20 mol% MCH and 80 mol% cyclohexane at 
a temperature of -30 ºC. 
 
2.9. Chapter Summary 
Catalytic membrane reactor has significant emerging potential, particularly in the utilization 
of hydrogen and oxygen permeable membranes at high temperatures. In the light of the 
present studies, the key issues that remain as challenges in the development of membranes 
are to devise a sufficiently robust membrane that can withstand high operational temperature 
and pressure. Despite significant progress that has been made recently to overcome some of 
these concerns, major breakthroughs in material science are still required before such 
membranes become feasible for high temperature/pressure applications. In particular, a 
number of ceramic materials have been developed in recent years to prepare both porous and 
non-porous membranes and membrane supports for a wide range of high temperature 
applications, such as membrane reactors and solid oxide fuel cells. Efforts have been made 
to increase surface area to volume ratios of membrane modules with the introduction of 
tubular, multi-tubular and capillary ceramic designs.  
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Chapter 3 
 
A Study on the Fabrication of Pd and Pd/Ag Alloy Composite Hollow 
Fibre Membranes Using an Electroless Plating Technique 
 
Abstract 
 
In this chapter, the electroless plating of Pd and Ag onto an asymmetric alumina hollow 
fibre substrate has been investigated by direct measurement of one of the gaseous products, 
i.e. N2, using gas chromatography (GC). The measurement was carried out in a vessel with a 
constant volume immersed in an ultrasonic water bath at 40-60ºC. Initial concentrations of 
Pd2+ and Ag+ in the plating solutions were varied over a range of 8.2-24.5 and 3.1-12.5 mM, 
respectively, while the initial hydrazine concentration was between 1.8 and 5.4 mM. In an 
effort to reduce external mass transfer resistance, plating solutions were agitated by helium 
bubbling together with sonication which carried N2 produced during electroless plating to a 
gas chromatograph for analysis. Kinetic parameters for Pd deposition were taken from the 
literature and were used to compare with the experimental nitrogen concentration and 
Polymath® software was employed to solve the differential equation. The results indicate 
that the model agrees very well with the experimental nitrogen gas concentration obtained 
from the GC for a Pd concentration of 16.3 and 12.2 mM and a hydrazine concentration of 
5.41 mM. The relationship between Pd and Ag ion concentrations and the morphology of Pd 
and Ag deposits will be discussed in the last section of this chapter.     
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3.1. Introduction 
There has been an increasingly rapid advance in the development of palladium-based 
metallic membranes for H2 production and purification [1-4], membrane reactors [5,6] and 
microelectronic applications [7-9]. The growing interest in process intensification has also 
contributed to renew the interest in Pd membrane reactors due to their compact 
configurations, and substantially reduced capital and operating costs [10-11]. Traditionally, 
Pd based membranes are self-supported and are in a form of thin walled tubes or free-
standing foils [12]. Membranes of this type must usually be a few hundred micrometers in 
thickness to sustain their integrity, which significantly limits their application for large-scale 
chemical production due to the very limited hydrogen permeation flux as well as the cost of 
the membrane material [13]. As a result, great effort has been made to develop a composite 
membrane with a much thinner Pd based separation layer supported on a highly porous 
substrate. The most common porous substrates include Vycor glass [14,15], porous stainless 
steel [16,17] and ceramics such as alumina [18,19]. 
 
In the literature review section, it has been explained that there are several techniques for 
depositing Pd or palladium-based membranes onto porous substrates, such as rolling [20], 
chemical vapour deposition [21], magnetron sputtering [14], physical vapour deposition 
[22], spray pyrolysis [23], electrodeposition [24] and electroless plating (ELP) [19,25]. 
Interestingly, ELP is a widely used technique due to its simplicity, and relatively lower cost 
and has added advantages such as the ability to deposit on non-conductors of various 
geometrical shapes, good surface coverage as well as good adhesion to the substrate. 
Moreover, the deposition characteristics are strongly dependent upon the type and the 
properties of the support materials. ELP involves the controlled autocatalytic deposition of a 
continuous film on a catalytic surface by the reaction between a metal salt and a chemical 
reducing agent [26]. It is normally performed by immersing Pd activated substrates into a 
plating bath containing appropriate constituents at the optimum temperature for a desired 
coating. In order to control the amount of metal deposition, the electroless plating deposition 
behaviour must be determined. 
 
Previously, Cheng et al. [27] studied the kinetics of ELP of palladium in hydrazine-based 
and hypophosphite-based baths by using a quartz crystal microbalance (QCM). This 
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microbalance was used to measure the frequency of oscillation that is directly proportional 
to the mass change of the quartz probe.  Palladium was simultaneously plated on the 
activated surfaces of Vycor glass and the quartz probe and it was assumed that the 
deposition rates were identical, although in reality, the characteristics of Pd deposition on 
various substrates are different [17]. Mardilovich et al. [28] investigated the relationship 
between the amount of nitrogen liberated from plating baths and the quantity of Pd 
deposited on a porous stainless steel substrate. The experimental set-up consisted of a 
rotating substrate immersed in a jacketed electroless plating bath. The nitrogen produced 
during the reaction was channelled to a soap-bubble meter. However, the authors did not 
study the kinetics of Pd deposition in depth because the amount of nitrogen measured may 
have been less than the true value due to accumulation in the plating cell, particularly on the 
substrate surface [28]. The recent comprehensive investigation carried-out by Ayturk and 
Ma [26] successfully revealed the influence of temperature, initial concentrations of metal 
ions and reducing agents as well as agitation rates on electroless plating of Pd and Ag on 
porous stainless steel substrates. Atomic absorption spectroscopy (AAS) was used to 
determine the change in Pd2+ and Ag+ concentrations during the electroless plating reaction 
by periodically withdrawing a certain amount of plating solution from the plating bath for 
AAS sampling [26]. Nonetheless this kind of off-line sampling creates many uncertainties in 
the metal concentration.  
 
To gain further insight into the ELP process, this study will focus on deposition profiles of 
Pd and Ag using continuous and real-time measurements of nitrogen gas liberated from the 
electroless plating reaction. Both a flow of inert gas bubbles and an ultrasonic bath are 
employed as an agitation mechanism, reducing the external mass transfer resistance. The 
produced N2 is carried by this inert gas bubble stream for on-line GC analysis, which 
minimizes the gas accumulation inside the cell. Furthermore, the data on deposition 
behaviour can be used to improve the fabrication of composite Pd- and Pd-Ag/alumina 
hollow fibre membranes. 
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3.2. Experimental 
3.2.1. Materials 
Aluminium oxide powders of 1.0 µm (alpha, 99.9% metals basis, surface area 6-8 m2 g-1),  
0.05 µm  (gamma-alpha, 99.5% metals basis, surface area 32-40 m2 g-1) and 0.01 µm 
(gamma-alpha, 99.98% metals basis, surface area 100 m2 g-1) were purchased from Alfa 
Aesar (a Johnson Matthey company) and were used to fabricate the ceramic hollow fibre 
substrates. Polyethersulfone (PESf, Radal A-300, Ameco Performance, USA), N-methyl-2-
pyrrolidone (HPLC grade, Rathbone) and Arlacel P135 (Uniqema, UK) were used as a 
polymer binder, solvent and additive, respectively.  Tetraamminepalladium(II) chloride 
monohydrate  (99.99% metals basis, Sigma-Aldrich), EDTA (IDRANAL®III, Riedel-de 
Haen), ammonium hydroxide (28%, Sigma-Aldrich) and hydrazine hydrate (Sigma-
Aldrich), were used for preparing the Pd plating solution, whereas tin(II) chloride dehydrate 
(puriss. p.a., Sigma-Aldrich), hydrochloric acid (37%, AnalaR NORMAPUR), palladium 
(II) chloride (99.999%, Sigma-Aldrich) were used for preparing the activation baths. 
 
3.2.2. Fabrication of the porous alumina hollow fibres 
The asymmetric Al2O3 hollow fibres were fabricated via a combined phase 
inversion/sintering process which has been described elsewhere [29,30]. Alumina powders 
with average particle sizes of 1.0, 0.05 and 0.01 µm were used in the weight ratio of 7:2:1 
and were uniformly mixed with polymer binder and solvent to prepare the spinning 
suspension. A tube-in-orifice spinneret with an outer orifice diameter of 3.0 mm and an 
inner orifice diameter of 1.2 mm was used to prepare the hollow fibre precursors. DI water 
and tap water were used as the internal and the external coagulants, respectively. After 
degassing, the spinning suspension was extruded through the spinneret into the external 
coagulation bath with an air gap of 15 cm. The hollow fibre precursors were then fired at 
1450°C for 4 h in a tubular furnace (Elite, Model TSH 17/75/450) with heating/cooling rates 
of 5 °C min−1. 
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3.2.3. Activation of alumina hollow fibres 
In order to shorten the induction period, the substrates were activated with Pd nuclei using a 
conventional Pd-Sn activation procedure at room temperature [25,26,28]. Agitation via 
helium bubbling was employed to shorten the activation process. Using the compositions 
shown in Table 3-2, the acidic activation process consisted of successive immersion of the 
substrates in a 1 gL-1 tin (II) chloride (SnCl2) solution and a 0.1 gL
-1 palladium chloride 
(PdCl2) solution. Substrates were rinsed with deionized water between the immersions, and 
were immersed in an aqueous solution of 0.1 M HCl after every PdCl2 immersion to prevent 
Pd hydrolysis [28]. The sequence and retention times of the activation steps are shown in 
Figure 3-11. 
 
Table 3-2. Composition of acidic sensitization and activation solutions. 
 
 
 
 
 
 
 
 
 
 
 
Step Compound Composition Conditions
Sensitizing SnCl2·2H2O 1 g L-1 25 °C, 3 min
HCl (37%) 1 mL L-1
Washing DI water 25 °C, 2min
Activation PdCl2 0.1 g L-1 25 °C, 3 min
HCl (37%) 1 mL L-1
Rinsing HCl 0.01 M 25 °C, 1 min
DI water 25 °C, 1 min
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Figure 3-11. Schematic diagram showing the sequential batch activation process. 
In order to study the optimum number of activation loops for the coating of the asymmetric 
alumina hollow fibre substrates, 5 identical substrates were prepared and activated using 
different numbers of loops, 2, 4, 6, 8, and 10. Each substrate has an outer diameter and 
length of ~0.2 and ~4 cm respectively. Then the substrates were subjected to electroless 
plating for a duration of 30 minutes. Nitrogen gas which evolved from the electroless plating 
vessel was directly channelled to the GC for measurement as illustrated in Figure 3-12. 
Using a stoichiometric relation, the N2 gas measured was used to estimate the amount of Pd 
deposited.  
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Figure 3-12. Schematic diagram of direct measurement of N2 evolved during electroless 
plating. 
 
3.2.4. The effect of agitation on Pd deposition  
In this study, a different set of helium bubbling rates were applied to simulate different 
external mass transfer characteristics that influence Pd deposition behaviour. Helium gas 
was introduced from the bottom of the vessel, as shown in Figure 3-12, at a certain rate (10, 
20, 30, 35 mL min-1 respectively) to agitate the ELP solutions (Table 3-3). For comparison, 
agitation via ultrasound was also conducted in parallel with the bubbling operation. Sample 
weights were measured before and after plating and the weight gained due to Pd deposition 
was recorded. The best agitation rate was chosen for the subsequent investigation. 
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Table 3-3. Electroless Plating (ELP) solutions. 
 
Chemical Pd bath Ag Bath 
Pd(NH3)4Cl2·H2O (g L
-1) 2.2  ̶  6.5 ̶ 
AgNO3 (g L
-1) ̶ 0.5  ̶  2.1 
Na2EDTA·2H2O (g L
-1) 40.1 40.1 
NH4OH (28%) (mL L
-1) 198 198 
N2H4 (1 M) (mL L
-1) 2.5  ̶  7.5 2.5  ̶  7.5 
pH 11-12 11-12 
Temperature (oC) 45  ̶  60 45  ̶  60 
 
3.2.5. The effect of Pd, Ag and hydrazine concentration on plating deposition  
Using a similar experimental procedure as described in section 3.2.3, the concentration of 
Pd, Ag and hydrazine were varied within the respective range of 8.16-24.5 mM Pd2+, 3.05-
12.5 mM Ag+, and 1.8-5.41 mM N2H4. During the reaction, a 35 mL min
-1 flow of helium 
bubbles together with ultrasound were used to provide agitation and sweep gas was used to 
carry the nitrogen formed during the reaction to a TCD gas chromatograph (Varian-3900) 
for analysis. After an hour of plating, the membrane was thoroughly rinsed with deionised 
water, dried (110°C, overnight) and gravimetrically measured to determine the theoretical 
thicknesses. In these experiments, the concentrations of Pd and Ag and the weight of the 
deposit were obtained as a function of time from the stoichiometric relation based on the 
amount of N2 measured by the GC.  
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3.3. Theory description 
3.3.1. Derivation of theoretical thickness from density equation 
 
The following work presents the derivation of the theoretical thickness of Pd composite 
membranes that has been developed from the density equation. Figure 3-13 illustrates the 
schematic diagram of cylindrical geometry which represents the Pd/Al2O3 HF membranes. 
 
 
 
Figure 3-13. Schematic diagram of cylindrical geometry of Pd/Al2O3 element. 
 
Volume of Pd layer deposited on the surface of hollow fibre, 
Volume of Pd = Total volume – Substrate volume 
Where,                               
Volume of Pd = Mass of Pd deposited ÷ Pd density 
Let,                              
VTot = Total volume; VPd = Volume of Pd; VHF = Substrate volume;  
ρPd = Pd density; ∆mPd = mass of Pd deposited, ri = substrate radius; r0 = overall radius 
Thus, 
( )2222 ioioHFTotPd rrLLrLrVVV −=−=−= πππ                                  (3.1) 
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Pd
Pd
Pd
m
V
ρ
∆
=
                                              (3.2) 
 
Substitute (3.1) in (3.2) and re-arrange, 
 
2
i
Pd
Pd
o
r
L
m
r +




 ∆
=
ρπ
                                          (3.3) 
Thickness is defined as,         
io
rrt −=                                                    (3.4) 
 
Substitute equation (3.3) into(3.4). Hence, Pd layer thickness in centimetres is:      
       
ii
Pd
Pd rr
L
m
t −








+




 ∆
= 2
ρπ
                                (3.5) 
 
3.4. Characterizations 
The morphology of the asymmetric alumina hollow fibre substrates, the activated substrates 
and the coated Pd and Pd-Ag membranes were visually observed using a field emission 
scanning electron microscope (FE-SEM, LEO1525, Carl Zeiss SMT Ltd) and EDS-SEM 
analysis (INCA Energy by Oxford Instruments) was employed to investigate the elemental 
distribution across the cross-sections of the composite Pd/alumina hollow fibre membranes. 
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3.5. Results and Discussion 
3.5.1. Substrate morphology 
The SEM images of the asymmetric Al2O3 hollow fibre substrates sintered at 1450 ºC for 4 
hours are shown in Figure 3-14(a-d). The OD and ID of these fibres with uniform wall 
thickness were measured at 1893 µm and 964 µm respectively (a). A clear asymmetric pore 
structure can be observed in Figure 3-14(b), in which a finger-like structure is formed from 
the inner surface and extends towards the outer surface, with the rest of cross-section 
occupied by a sponge-like structure. The asymmetric pore structure is formed due to viscous 
fingering phenomena [31]. The inner surface in (c) is highly porous while the outer surface 
is much smoother (d) facilitating the direct coating of Pd-based membranes.  
 
a b
c dInner surface Outer surface
Finger-like 
structures
I ner surface ter surface
 
 
Figure 3-14. SEM images of an asymmetric hollow fibre substrate. 
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3.6. Pd-Sn surface activation 
As can be seen in Figure 3-15, the substrates appear darker from left to right as the number 
of activation loops (L) is increased through 2, 4, 6, 8 to 10. This is due to the repeated 
sensitizing-activation cycle that continuously adds Pd nuclei layer by layer on top of the 
previous layer. According to Mardilovich et al. [28] the activation layer can be considered as 
a sandwich structure consisting of a number of very thin layers which consist mainly of 
Sn(OH)4 and Pd nuclei that have a density of approximately 3-3.5 g cm
-3. As illustrated in 
Figure 3-16, the fresh alumina substrate particles appear to have smooth surfaces. When the 
substrate was subjected to 2 loops of activation, small nano-size particles can be observed 
that are spread evenly over the particle surfaces. As the number of loops increases, the 
particles grow larger and eventually become denser. However it is difficult to evaluate 
quantitatively from visual observation which paricle size and dispersion efficiently catalyses 
the electroless plating reaction without actual reaction tests be carried out.  
 
 
 
Figure 3-15. Photographic images of activated substrates starting from the left to right;  2, 4, 
6, 8 and 10 loops. 
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Figure 3-16. FE-SEM images of the substrate surface after different numbers of activation 
loops. 
 
An electroless plating reaction was carried out on each sample for a duration of 30 minutes. 
The final output was shown in Figure 3-17. The trend of cumulative Pd deposition increases 
with the number of activation loops as can be observed in Figure 3-18. In general, the Pd 
deposition on different activation loops can be grouped into 3 distinguished categories 
which are low, medium and high. L_2 shows the lowest level of deposition with less than 
1.0 mg cm-2 while moderate deposition is seen for L_4 and L_6 which are almost equal and 
an increase to a value of ~2.5 mg cm-2 is seen for L_6. This signifies that the Pd nuclei 
coverage for L_2 is insufficient, meaning that there is still space for further Pd nuclei to be 
added.  L_4 and L_6 indicate further improvement relative to L_2. Although deposition is 
increased for further activation loops, L_8 and L_10, they are closely ranked. Therefore L_8 
exhibits a maximum of ~3.0 mg cm-2 while a slightly lower value is observed for L_10. This 
indicates that the surface is completely covered with Pd nuclei at L_8 as no remarkable 
improvement is observed for L_10. The slight decline for L_10 is probably due to larger Pd 
nuclei formed from a poor dispersion. In the perspective of catalyst activity, this particular 
characteristic of Pd nuclei formation might be inactive in catalyzing Pd deposition. 
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Therefore, the optimum number of activation loops is confirmed to be 8 and was fixed at 
this value for the subsequent work. 
 
Figure 3-17. Palladium (Pd) electrolessly plated on hollow fibre substrates. 
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Figure 3-18. Total Pd weight gain after 30 minutes of plating. 
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Meanwhile, Figure 3-19 shows the progress of Pd deposition (mg cm-2) as a function of 
plating time for a plating duration of 30 minutes. The plots indicate that a shorter induction 
time can be obtained for L_8 and L_10. This further confirmed that substrate activation with 
L_8 is sufficient and satisfactory for Pd nuclei coverage whereas L_2 exhibits sluggish 
deposition. Interestingly, L_8 and L_10 exhibit an identical profile with a sigmoidal shape 
that generally consists of a low-fast-low rate profile. This profile is believed to be due to the 
characteristics of autocatalytic reactions. The reaction progresses at lower rate up to 3 
minutes and then rises exponentially until the 9th minute. The rapid increase in reaction rate 
is due to the nature of autocatalytic electroless plating reactions. At this stage, the deposited 
Pd (product) serves as a catalyst which further catalyses the electroless plating reaction. The 
profile returns to lower rate after 9 minutes plating as the concentration of reactant decreases 
as it is progressively used up. 
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Figure 3-19. Pd deposition profile as a function of plating time. 
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As can be seen in Figure 3-20, there are four samples which have been subjected to different 
conditions of agitation during activation and deposition stages. In all cases the plating 
process was carried out for a duration of 1 hour. It can be clearly seen that plating under 
ultrasonic conditions exhibits higher deposition compared to stagnant mode, regardless of 
the activation conditions. However, higher deposition is observed when plating under 
ultrasonic conditions when activation is performed under stagnant conditions rather than 
activation under ultrasonic conditions. On the other hand, deposition is unaffected by 
activation mode when plating was carried out in stagnant mode. It can be concluded that 
external mass transfer resistance has a remarkable influence over deposition which can be 
overcome through ultrasonic treatment. Nevertheless, activation steps are best performed in 
quiescent solutions as Pd nuclei might dislodge from the substrate as a result of ultrasonic 
irradiation. Consequently, this reduces the amount of Pd adsorbed and influences the 
deposition process. Hence, the best plating conditions in view of deposition rate is stagnant 
activation followed by ultrasonic deposition. 
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Figure 3-20. Effect of ultrasonic irradiation in both activation and Pd plating steps. 
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3.7. Effect of helium gas bubbling and ultrasonic irradiation on Pd deposition 
Effects of bubbling rate (from 10 to 35 mL min-1) on the deposition of Pd are shown in 
Figure 3-21. Pd deposition keeps increasing with increasing bubbling rate, which indicates 
that the electroless plating of Pd on alumina hollow fibre substrates is strongly affected by 
the external mass transfer. Sample 1, in which the plating solution was stagnant, shows 
higher Pd deposition compared to samples 2 and 3 although they were subjected to bubbling 
rates of 10 and 20 ml min-1 respectively. This is because low bubbling rates create relatively 
large bubbles and result in isolation between the plating solution and the substrate surface, 
which reduces the efficiency of autocatalytic reactions [30], unless proper gas distribution 
can be achieved. The benefit of gas bubbling begins to take effect at a bubbling rate of 
30mL min-1, and keeps increasing with increasing bubbling rate. Maintaining the correct 
bubble size and flow rate generates a higher rate of convection and diffusion for the 
migration of reacting ions to the target surface as well as enhancing the removal of products 
from the surface [32].       
 
In addition to inert gas bubbling, a considerable improvement in Pd deposition can be 
achieved through ultrasonic treatment that induces a phenomenon known as micro-agitation 
[33]. As can be seen in Figure 3-21, approximately 71% weight gain is obtained by using 
ultrasonic mode (Sample 6) in contrast to stagnant mode (Sample 1). It is believed that 
agitation via ultrasonic treatment increases the contact area between the plating solution and 
the substrate by removing gaseous products trapped on the surface [34]. According to 
Walker [35], each point in the liquid is subjected to alternating negative and positive 
pressure which creates cavitation bubbles which eventually collapse due to implosion. The 
implosion of bubbles creates smaller bubbles that have a powerful effect on regional 
pressure and temperature, which promotes mixing of chemical species and increases mass 
transfer, thereby reducing locally the length of the diffusion layer (δ). As a result of 
ultrasonic agitation, the whole phenomena can be viewed as micro-reactors where high local 
temperature and pressures can be reached [36]. Therefore, ultrasonic treatment has been 
used in the following kinetic study, together with a bubbling rate of 35 ml min-1 to minimize 
the external mass transfer resistance. 
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Figure 3-21. Effect of helium bubbling rate on weight gain due to Pd deposition: (1) Static 
(without bubbling or sonication ) (2) 10 mL min-1 (3) 20 mL min-1 (4) 30 mL min-1 (5) 35 
ml/min (bubbling and sonication) (6) only sonication. 
 
As shown in Figure 3-22(a), Pd deposition exhibits an increase with an increase of initial Pd 
ion concentration (12.2, 16.3 and 24.5 mM) with a respective constant initial hydrazine 
concentration and plating bath temperature of 5.41 mM and 60°C. The plots indicate that the 
cumulative Pd depositions after 1 hour of plating are 3.97, 4.56 and 4.77 mg cm-2 
respectively. However the percentage conversion decreases with initial Pd ion concentration 
(76.6, 66.1 and 46.0%), indicating that the hydrazine is the limiting reactant. According to 
the stoichiometry, complete conversion can be achieved when the Pd initial concentration is 
less than 10.82 mM. This suggests that all the initial Pd concentrations tested here are in 
excess and therefore complete conversion is impossible to achieve. As palladium is precious 
metal, wastage must be avoided. Hence the electroless plating bath has to be replenished 
with hydrazine as it reaches the plateau region i.e., by dosing hydrazine after 35 minutes for 
an initial Pd concentration of 16.3 mM as indicated in Figure 3-22(a). 
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As can be seen in Figure 3-22(b), with [Pd2+] fixed at 16.3 mM and a constant bath 
temperature of 60°C, as expected, a similar trend is observed when the initial hydrazine ion 
concentration  increases (2.40, 3.19 and 3.88 mM) resulting in a final deposition of 2.04, 
2.70 and 3.29 mg cm-2. It is concluded that the Pd and N2H4 concentration have a positive 
effect on the Pd deposition rate. However, with a Pd concentration of 16.30 mM, all initial 
hydrazine concentrations tested are below the minimum theoretical value for complete 
conversions, which is 8.15 mM. Therefore in this case, hydrazine is the limiting reactant. It 
is clearly seen that, the progress of Pd deposition levels off at approximately 40 minutes 
with the respective maximum conversions of 29.5, 39.2 and 47.6 %. This is due to an 
insufficient amount of hydrazine eventually resulting in lower conversions. Therefore an 
appropriate amount of hydrazine can be added to revive the reaction until completion. 
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Figure 3-22. Effect of Pd, N2H4 ion concentrations and temperature on Pd deposition. 
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Figure 3-23(a) shows silver deposition increasing with Ag ion concentration (3.05, 6.51 and 
12.5 mM) with respective deposition quantities of 0.83, 1.04, and 1.35 mg cm-2 with a 
plating time of 18 minutes. Theoretically, for the silver electroless plating reaction, one mole 
of N2H4 reduces four moles of Ag
+ to Ag0. Therefore, for a constant initial hydrazine 
concentration of 3.61 mM, the range of initial Ag concentrations tested (3.05 – 12.5 mM) is 
theoretically sufficient to drive the reactions toward completion. With 3.05 mM Ag+, the 
attained conversion is 83.3 % at 30 minutes and is expected to reach completion with 
additional plating time. However Ag+ at 6.51 and 12.5 mM tends to level off after 15 
minutes although hydrazine is present in sufficient quantity. Therefore hydrazine must be 
dosed periodically, i.e. every 15 minutes, for high Ag+ concentration plating baths.   
 
Similar deposition behaviour can be observed in Figure 3-23(b) for a constant Ag+ 
concentration of 3.05 mM in a study of the effect of various hydrazine concentrations on Ag 
deposition. As predicted, higher hydrazine concentrations (1.80, 3.61 and 5.41 mM) resulted 
in higher Ag depositions of 0.65, 1.12 and 1.34 mg cm-2, respectively, for 30 minutes plating 
time. A similar increasing trend is observed for % conversion where the respective values 
are 49.5, 85.3 and 100 %. Interestingly, a hydrazine concentration of 5.41 mM managed to 
drive the reaction towards completion within 30 minutes. A hydrazine concentration of 3.61 
mM will likely achieve complete conversion when combined with extended plating time. On 
the other hand, with 1.80 mM hydrazine, the reaction dies out within 15 minutes indicating 
Pd deposition is limited by hydrazine. Therefore, the best hydrazine concentration for [Ag+] 
of 3.05 mM is 5.41 mM which has been chosen as the standard condition in further Ag 
deposition work. 
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       Figure 3-23. Effect of Ag, N2H4 ion concentrations and temperature on Ag deposition. 
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Due to the endothermic nature of the electroless plating reactions for Pd and Ag, the plating 
bath temperature has a significant effect on the deposition reaction. This is in agreement 
with the data illustrated in Figure 3-22(c) and Figure 3-23(c) for Pd and Ag deposition in 
which Pd and Ag deposition increases with bath temperature. The higher plating 
temperature resulted in higher fractional conversion. It is believe that as the temperature 
increases, the collision frequency between metal ions and the target substrate surface 
increases thus resulting in a fast deposition rate. In addition, the thermal effect increases the 
species diffusivity in combination with bulk solution agitation via inert gas. 
 
3.8. Prediction of Pd electroless plating kinetics 
The electroless plating reaction of Pd is initiated by the reaction between hydrazine and 
hydroxide ions (anodic oxidation) to release electrons, followed by the reduction of Pd2+ 
cations into Pd metal (cathodic reaction). The deposited metals catalytically promote the 
redox reaction resulting in the growth of grains and finally the formation of a film, releasing 
nitrogen and ammonia as gaseous products. The amount of nitrogen formed during the 
reaction can be measured in order to determine the amount of deposited Pd, which is based 
on the stoichiometric equations shown below.  
OHNNHPdOHHNNHPd
eOHNOHHN
NHPdeNHPd
223
0
42
2
43
2242
3
02
43
4824)(2
__________________________________________________
444
824)(2
+++→++
++→+
+→+
−+
−−
−+
                     (3.6) 
Accordingly,  
dt
dn
dt
dn
dt
dn NPdPd 22 2 ⋅=−=
+
                                                         (3.7) 
or 
2
2
2s Pd Pdb G N
Pd
dCA dW
V V x
M dt dt
+
⋅ = − = ⋅
                                     (3.8) 
Where WPd is the specific deposited Pd weight, g cm
-2; As is the substrate area for the 
deposition, cm2; Vb is the volume of the plating solution, L; VG is the gas stream flow rate, 
mol/s; and xN2 is the molar fraction of the nitrogen product in gas effluent. Therefore, the 
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electroless plating rate can be given by; 
2
2
2Pd b Pd Pd G Pd
Pd N
s s
dCdW V M V M
r x
dt A dt A
+ ⋅
= = − ⋅ =
                               (3.9) 
 
It suggests that the electroless plating rate can be determined by measuring the formation 
rate of nitrogen, which may be obtained by monitoring the gas effluent flow rate and the 
nitrogen concentration using a GC.  
 
Since the concentration of NH4OH is in excess compared to that of initial Pd
2+ ions and 
N2H4 concentrations, its effect on the reaction rate may be assumed to be constant. For a 
well-stirred constant-volume batch reactor, the differential rate law for a pseudo-nth order 
reaction may be expressed as:  
βα
42
2
2
exp0 HNPd
aPd CC
RT
E
k
dt
dC
+
+






−=−
 
β
α 




 −−





−= +++ )(exp 22
42
2 0,0,0 PdPdHNPd
a CC
a
b
CC
RT
E
k
                                 
                                 (3.10) 
 
Where k0 is pre-exponential factor, Ea is activation energy (J mol
-1) and T is the electroless 
plating temperature (K); α and β are the reaction orders for Pd2+ metal ions and hydrazine, 
respectively; and a and b are the stoichiometric coefficients of the plating reaction. Recently, 
Ayturk & Ma [26] investigated the electroless plating kinetics and obtained the kinetic 
parameters as follows: k0=2.74×10
8, Ea= 61.2 kJ mol
-1, α=0.58, β=0.24.  These parameters 
are then used to predict the N2 concentration using equation (3.9) and (3.10), and are then 
validated with the experimental results as illustrated in the following figures. 
 
In Figure 3-24, the nitrogen concentration (%v/v) was predicted using available kinetic 
parameters [26] obtained from an agitated electroless plating bath. The predicted data points 
are plotted in solid lines and compared with the experimental data. In general, both 
experimental and modelling results show the same trend with good agreement between 
model prediction and experimental data. This can be observed for Pd ion concentrations of 
16.3 and 12.2 mM with an initial hydrazine concentration of 5.41 mM. Nonetheless, for 16.3 
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mM, the model can predict up to 35 minutes. The trend agrees quite well with experimental 
data only after 18 minutes.  Interestingly, for 12.2 mM Pd2+ the model fits excellently for 
plating durations between 9 and 54 minutes with experimental data fluctuation from 30 
minutes up to 57 minutes.   
 
The experimental data points for 20.4 and 24.5 mM Pd2+ exhibit an identical trend in which 
the concentration of released nitrogen is constant initially up to 30 minutes and eventually 
declines gradually with time as shown for 24.5 mM. This behaviour is in agreement with 
Mardilovich et al. [28] who measured nitrogen flow rates instead of concentration. The 
steady-state deposition is due to the excess amount of Pd ions present in the bulk solution 
that are continuously supplied to the target surface leading to constant nitrogen release. At 
this stage the reaction is kinetically controlled. After approximately 30 minutes displaying 
steady-state behaviour, the activity of the plating solution decreases due to the depletion of 
palladium ions and hydrazine in the plating bath [28]. At this stage, the progress of the 
reaction is mass transport controlled. Although the model predicts results quite well for 16.3 
mM Pd2+ with 5.41 mM hydrazine, at lower hydrazine concentrations of 3.61 and 2.70 mM 
slight deviation from the experimental data is observed. It can be clearly seen in Figure 3-
24(c) that the model can predict up to 25 minutes and 20 minutes for the former and later 
respectively. Unlike in the high Pd concentration case, the bulk hydrazine concentration 
plays an important role in supplying reactant to the target surface for lower hydrazine 
concentration. This will require other model parameters which can give a better prediction 
for lower hydrazine concentration cases. In conclusion, the model parameters suggested by 
Ayturk and Ma [26] can be used reliably for moderate Pd concentration ranges from 12.2 to 
16.3 mM with a hydrazine concentration of 5.41 mM. Both higher and lower concentrations 
of Pd require additional modelling to take into account bulk diffusion effects. Therefore, the 
respective Pd and hydrazine initial ion concentrations of 16.3 and 5.41 mM have been 
selected for the subsequent work. 
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Figure 3-24. Nitrogen concentration as a function of plating time. 
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3.9. Effects of ELP concentration on the microstructure of Pd and Ag deposits 
Figure 3-25 and Figure 3-26 present the effect of Pd/hydrazine and Ag/hydrazine ion 
concentration on the surface morphology of the deposited Pd and Ag membranes, 
respectively. As can be seen in Figure 3-25(a) and (b), Pd deposits plated at 40ºC ([Pd2+] = 
16.3 mM; [N2H4] = 5.41 mM, appear as loosely-packed spheres, and are turned into a 
“cauliflower type” nodular microstructure [38] when the plating temperature is increased to 
55ºC. Similarly, a uniform and smoother microstructure as depicted in Figure 3-25 (c) is 
obtained when [Pd2+] is 8.16 mM ([N2H4] = 5.41 mM; T = 60°C), while a dense nodular 
structure with larger grain sizes (d) is formed when [Pd2+] is increased to 24.5 mM. 
Furthermore, increasing the hydrazine concentration from 2.4 mM ([Pd2+] = 16.3 mM; T = 
60°C) to 4.30 mM results in a change of microstructure from spheres (Figure 3-25 (e)) to 
dense nodular deposits (Figure 3-25(f)), which is in agreement with Yeung et al. [37]. That 
higher Pd and hydrazine concentrations result in the formation of larger grain sizes with a 
denser structure is due to the higher plating rates. As with the plating of Pd, increasing the 
initial reaction rate, by increasing Ag+ concentration, N2H4 concentration and plating 
temperature, results in a denser nodular structure, as shown in Figure 3-26. 
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Figure 3-25. Pd film microstructure (t=20 min) as a function of initial concentration of 
palladium ion, hydrazine and temperature. (a) [Pd2+] = 16.3 mM; [N2H4] = 5.41 mM; T = 
55°C, (b) [Pd2+] = 16.3 mM; [N2H4] = 5.41 mM; T = 40°C, (c) [Pd
2+] = 8.16 mM; [N2H4] = 
5.41 mM; T = 60°C, (d) [Pd2+] = 24.5 mM; [N2H4] = 5.41 mM; T = 60°C , (e) [Pd
2+] = 16.3 
mM; [N2H4] = 2.40 mM; T = 60°C, (f) [Pd
2+] = 16.3 mM; [N2H4] = 4.30 mM; T = 60°C. 
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Figure 3-26. Ag film microstructure (t=20 min) as a function of initial concentration of 
palladium ion, hydrazine and temperature. (a)  [Ag+] = 3.05 mM; [N2H4] = 3.61 mM; T = 
60°C, (b)  [Ag+] = 12.5 mM; [N2H4] = 3.61 mM; T = 60°C, (c)  [Ag
+] = 3.05 mM; [N2H4] = 
1.80 mM; T = 60°C, (d)  [Ag+] = 3.05 mM; [N2H4] = 4.51 mM; T = 60°C, (e)  [Ag
+] = 3.05 
mM; [N2H4] = 3.61 mM; T = 40°C, (f)   [Ag
+] = 3.05 mM; [N2H4] = 3.61 mM; T = 50°. 
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3.10. Fabrication of Pd77-Ag23 alloy membrane            
3.10.1. Concentration profile of selected Pd bath 
As Pd is a precious metal and it is desirable to minimize its use, a quantitative analysis on 
Pd ion concentration has been undertaken on the Pd bath with Pd and hydrazine 
concentrations of 16.3 and 5.41 mM, respectively. Figure 3-27(a) shows the depletion 
profile of Pd and hydrazine ion concentrations in the electroless plating bath due to reactant 
consumption. Basically, the electroless plating reaction follows the principle of a batch 
reactor system. As illustrated in Figure 3-27(b), the maximum conversion is approximately 
66% after 60 minutes. This indicates that the progress of the reaction is suppressed by the 
limited amount of hydrazine available. Therefore hydrazine is the limiting reactant which 
has to be replenished at the estimated inflection point of 35 minutes to maintain constant 
deposition. In fact, at this point, the available hydrazine is about 20% below its initial 
amount.   
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(b) 
Figure 3-27. Pd electroless plating bath with 16.3 mM Pd2+ and 5.41 mM N2H4. 
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Figure 3-28 shows two plots with identical trends presenting theoretical thicknesses for both 
Pd and Ag deposits as a function of time. The theoretical thickness is derived from equation 
(3.5) and is dependent on the mass of deposits coated on the specified cylindrical geometry 
of a particular substrate. For a substrate having OD and length approximately of 0.2 and 4.0 
cm respectively, after 30 minutes the estimated theoretical thicknesses obtained are 2.96 and 
1.35 µm for Pd and Ag respectively. However this amount resulted in 69 % Pd and 31% Ag 
relative to total thickness. In order achieve the optimum composition of Pd and Ag (77:23) 
by weight, more Pd deposition is required. This can be done by extending the Pd plating for 
an additional 18 minutes (48 minutes instead of 30 minutes) with a single bath followed by 
30 minutes Ag deposition producing a total thickness of 5.19 µm composed of Pd/Ag layers. 
These layers will merge upon heat treatment forming a Pd/alloy.  
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Figure 3-28. Theoretical thicknesses as a function of time for controlling Pd and Ag 
composition in the fabrication of Pd77Ag23. 
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 Figure 3-29(a) shows the SEM micrograph with corresponding EDS line scan with a 1 µm 
step size performed on the Pd-Ag membrane sample before heat treatment. From the EDS 
composition profile shown in Figure 3-29(b), three distinguished regions can be observed. 
The first region from the right is the alumina support followed by the palladium layer and 
silver layer. Palladium was plated first on the alumina substrate with a thickness of 
approximately 5 µm. Then silver was sequentially coated on the palladium layer with a 
thickness of 1 µm. On the Ag surface layer, approximately 10wt% oxygen was detected and 
the concentration of Pd is seen to decrease. The Ag concentration is reduced to zero at a 
distance of 2 µm into the Pd layer but increases close to the interface between the Pd layer 
and the alumina support.  
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(b) 
Figure 3-29. SEM micrograph of the Pd/Ag composite membrane before heat treatment, (b) 
EDS composition profile from membrane to support (left to right).  
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Meanwhile, Figure 3-30(a) shows the SEM micrograph and EDS line scan with a 1 µm step 
size performed on the Pd-Ag composite membrane after heat treatment. The heat treatment 
stage was carried out for 12 hours at 650°C under argon purge followed by activation steps 
performed at 450°C in oxygen and hydrogen purges for a duration of 1.5 and 2 hours 
respectively. After the heat treatment process the Ag region observed in Figure 3.29 (b) is 
completely diminished due to intermetallic diffusion between Ag and Pd which eventually 
formed a homogeneous Pd/Ag alloy. Since the Tamman temperature of silver is lower than 
palladium (617K compared to 913K) silver atoms vibrate and migrate significantly into the 
palladium lattice, leading to inter-metallic diffusion [39].  
 
Furthermore, the profile in Figure 3-30(b) shows that the Ag concentration decreases 
towards the support while the Pd composition increases. This is an indication of incomplete 
Pd-Ag homogenisation. Therefore, much higher temperatures will be needed for complete 
mixing within a reasonable period of time. Nevertheless, an area scan performed randomly 
on the sample cross-section revealed that a substantial degree of homogeneity had been 
achieved with a ratio of 78:22 without showing any sign of patches. This conclusively 
demonstrates that Pd-Ag alloy has been successfully prepared and the composition is close 
to the optimal ratio of 77:23. 
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(b) 
Figure 3-30 (a) SEM micrograph of Pd/Ag composite membrane after heat treatment, (b) 
EDS composition profile from membrane to support (left to right). 
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 Figure 3-31(a) shows the surface morphology of typical samples at various stages of the 
electroless plating process. These SEM images show the surface after palladium deposition, 
after Ag deposition on the palladium layer as well as Pd/Ag surfaces before and after heat 
treatment. Interestingly, all synthesis steps have resulted in dense metal layers. The size of 
the Pd grains which is shown in (a) are much larger than Ag grains. The deposits for the Ag 
plated samples in (b) exhibit a rougher surface than that for Pd and show that small clusters 
remain on the Ag surface. These clusters were due to the nature of Ag plating in which Ag is 
likely to deposit on the hills of the rough surface and grow on top of each other [41]. As can 
be seen in (d), two separate layers of Pd and Ag were clearly observed prior to heat 
treatment and (e) shows a homogenised heat treated Pd/Ag layer while pinhole metal 
deposits are visible on the surface in (f). It is believe that after heat treatment, the metal 
layers undergo structural changes such as recrystallization, stress relief, surface segregation 
and atomic ordering that affect the hydrogen permeability and mechanical properties [42]. 
However, depending on temperature and the initial film configuration (thickness, type of 
support) heat treatment may result in densification or pinhole formation as shown in (f). 
Thus, an ideal temperature and time for heat treatment are very critical and have to be 
determined precisely. 
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                                  (a)                                                                      (b) 
 
                                                                                             
                                  (c)                                                                        (d) 
 
                        
                                    (e)                                                                      (f) 
Figure 3-31. SEM images of Pd and Pd/Ag composite membranes, (a) Pd surface, (b) Ag 
surface deposited on Pd, (c) Pd cross-section, d) Pd and Ag layers before heat treatment, (e) 
cross-section of Pd/Ag alloy after heat treatment for twelve hours at 923 K in Ar purge, (f) 
surface of Pd/Ag alloy after heat treatment. 
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3.11. Conclusions 
Gas chromatography (GC) was effectively utilized for the continuous measurement of 
nitrogen gas evolved during the electroless plating reactions of Pd and Ag. The metal ion 
concentrations was reliably obtained from the stoichiometry of reactions based on 
measurement of nitrogen gas produced during the reaction. Results indicate that the progress 
of the electroless plating reaction was retarded when the amount of hydrazine present was 
lower than the stoichiometric amount. Therefore, hydrazine dosing is required to drive the 
reaction towards completion. This is particularly important when using precious metals such 
as palladium to reduce the quantity of metal used. This shall eventually help the electroless 
plating industry to operate systems closer to the optimum parameters so as to cut wastage 
and reduce the necessity for effluent treatment for metal recovery.  
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Chapter 4 
Effect of substrate resistances on H2 permeation characteristics through 
Pd/Al2O3 composite hollow fibre membranes 
 
Abstract 
 
In the previous chapter, the control of electroless plating of Pd and Ag membranes directly 
onto asymmetric alumina hollow fibre substrates has been investigated. In addition to the 
Pd-based separation layer, hydrogen permeation through composite hollow fibre membranes 
of this type is dependent on the resistance of the porous substrate. As a result, Al2O3 hollow 
fibres with different asymmetric macrostructures, i.e. various thickness ratios between a 
finger-like layer and a sponge-like layer, have been prepared and used to investigate the 
influences of the substrate macrostructure on hydrogen permeation through the Pd/Al2O3 
composite membranes, which is described in this chapter. The experimental and theoretical 
results in this chapter indicate that the hydrogen permeation through the Pd/Al2O3 composite 
membranes is not only determined by the Pd membrane thickness, but also by the 
macrostructural parameters of the substrate, such as effective porosity, mean pore size and 
pore size distribution. It was shown that the thinner the Pd membrane is the greater the 
effective porosity must be to alleviate the substrate effect on hydrogen permeation. In 
addition, the deviation of the pore size is suggested to be around 1.2 for the further 
improvement of hydrogen permeation through the composite hollow fibre membranes. 
 
Parts of this chapter have been published: 
Irfan Hatim, M. D., Tan, X., Wu, Z., Li, K., Chemical Engineering Science, 66 (2010) 1150-
1158. 
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4.1. Introduction 
It is well known that Pd-based membranes have high permselectivity for hydrogen. Thus, 
these membranes are usually employed in processes requiring the selective removal of 
hydrogen from a membrane reactor, e.g. the dehydrogenation reaction of propane to 
propylene [1,2], ethylbenzene to styrene [3,4], methylcyclohexane to toluene [5,6] etc. In 
addition, the membranes are often used for high temperature hydrogen purification from a 
reaction gas mixture e.g. methane or methanol steam reforming and water–gas shift 
reactions [7]. In this respect, the successful implementation of both functions; reaction and 
purification, depends considerably on the hydrogen permeation properties through a series 
of layers consisting of the Pd membrane and the porous substrate. Furthermore, the 
relatively high costs of palladium and the necessity to increase hydrogen permeability have 
put more emphasis on the fabrication of thinner Pd membranes, which require an 
appropriate substrate for acquiring the necessary mechanical strength.  
 
The choice of porous substrate is a key factor in attaining greater hydrogen permeation flux.  
For this purpose, porous stainless steel [8,9]  and porous alumina [7,10] have been widely 
used as substrates for Pd coating. The properties of these substrates vary substantially in 
terms of pore size and porosity which eventually determines the required thickness of the 
palladium layer and the, hydrogen flux as well as quality of the palladium layer surface [11]. 
Basically, the substrate porosity determines the effective area for hydrogen permeation and 
the mechanical strength of the membrane. Hence, a higher porosity substrate is expected to 
have a greater effective area for hydrogen permeation. On the other hand, larger substrate 
pore sizes require a thicker Pd layer dense layer i.e. 3 times larger than pore size [12]. 
Therefore, there are always trade-offs between Pd thickness, substrate porosity and 
mechanical strength when attempting to minimize the hydrogen permeation resistance. In 
this respect, substrates having an asymmetric macrostructure have been intensively studied 
to potentially minimize such tradeoffs. 
 
In the last decade, ceramic porous substrates in hollow fibre configuration have attracted 
substantial interest as supports for Pd and Pd-alloy membranes as a result of the significantly 
higher area/volume ratio (as high as 3000 m2/m3) in comparison with other configurations, 
leading to much higher hydrogen permeation rates per unit volume [13-19]. Generally, 
porous hollow fibre substrates for coated Pd membranes employed are prepared by 
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conventional extrusion techniques and the resultant hollow fibres possess a symmetric 
structure which usually exhibits large resistance to gas permeation due to the thick fibre 
wall. Moreover, surface modification, i.e. coating a γ-Al2O3 intermediate layer prior to 
deposition of the Pd membrane, is usually required to increase the smoothness of the 
substrate surface to achieve a proper Pd coating which makes the membrane production 
process more complicated and thus increases production cost. This has led to the 
development of ceramic hollow fibre membranes through the phase inversion/sintering 
process [20,21]. The prepared hollow fibres possess an asymmetric structure comprised of a 
thin sponge-like structure integrated with a finger-like layer. Such an asymmetric structure 
offers much less resistance to gas permeation compared with symmetric counterparts 
because the resistance in the asymmetric fibres mainly lies in the thin sponge layer while the 
thick porous finger layer offers negligible resistance. Therefore, Pd composite membranes 
based on asymmetric hollow fibre substrates exhibit much better permeation performance 
compared to those deposited on symmetric substrates [13,22]. 
 
Although porous substrates mainly serve to provide mechanical strength in Pd composite 
membranes, they still have an effect on hydrogen permeation [11,22,23]. For example, 
approximately a fourfold increase in hydrogen flux increment can be obtained for Pd/Ag-
alumina composite membranes when the pore size of substrate is increased from 0.025 µm 
to 1.25 µm [22]. Hitherto, most previous analyses on hydrogen permeation through Pd 
composite membranes are based on the assumption of a uniform pore size distribution in the 
substrate, which deviates from the real situation, especially for more complicated pore 
structures such as those in hollow fibre substrates obtained by the phase inversion/sintering 
technique [24,25]. 
 
In this chapter, asymmetric Al2O3 hollow fibres with different macrostructures, i.e. various 
thickness ratios between a finger-like layer and a sponge-like layer, were prepared by the 
phase inversion/sintering technique using different air-gap lengths during the spinning 
process. Pd films are directly deposited on the outer surface of these hollow fibres without 
any surface pre-treatments. The influence of the hollow fibre substrates on the hydrogen 
permeation properties of the resultant Pd/Al2O3 composite membranes has been investigated 
both theoretically and experimentally. 
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4.2. Experimental 
4.2.1. Materials  
Aluminium oxide powders of 1.0 µm (alpha, 99.9% metals basis, surface area 6-8 m2 g-1),  
0.05 µm  (gamma-alpha, 99.5% metals basis, surface area 32-40 m2 g-1) and 0.01 µm 
(gamma-alpha, 99.98% metals basis, surface area 100 m2 g-1) were purchased from Alfa 
Aesar (a Johnson Matthey company) and were used to fabricate the ceramic hollow fibre 
substrates. Polyethersulfone (PESf, Radal A-300, Ameco Performance, USA), N-methyl-2-
pyrrolidone (HPLC grade, Rathbone) and Arlacel P135 (Uniqaue, UK) were used as a 
polymer binder, solvent and additive, respectively.  Tetraamminepalladium(II) chloride 
monohydrate  (99.99% metals basis, Sigma-Aldrich), EDTA (IDRANAL®III, Riedel-de 
Haen), ammonium hydroxide (28%, Sigma-Aldrich), hydrazine hydrate (Sigma-Aldrich), 
were use for preparing Pd plating solution, whereas, tin(II) chloride dehydrate (puriss. p.a., 
Sigma-Aldrich), hydrochloric acid (37%, AnalaR NORMAPUR), palladium (II) chloride 
(99.999%, Sigma-Aldrich) were used for preparing the activation baths. 
 
4.2.2.  Fabrication of the porous alumina hollow fibres 
Arlacel P135 at a concentration of 1.3 wt% was dissolved in NMP, NMP/water or 
NMP/ethanol mixtures prior to the addition of aluminum oxide powders (58.7 wt%) at a 
ratio of 1:2:7 (0.01:0.05:1 µm). The suspension was rolled / milled with 20 mm agate 
milling balls with an approximate Al2O3/agate weight ratio of 2 for between 2 days and 1 
week. Mixing was performed for a further 48 hours after the addition of polyethersulfone 
(6.1 wt %). The suspension was then transferred to a gas tight reservoir and degassed under 
vacuum while stirring until no bubbles could be seen at the surface. 
For the preparation of hollow fibre membranes, immediately after degassing, the spinning 
suspensions were either pressurized at a gauge pressure of 4.83 x104-1.38 x105 Pa (7-20 
psig) using nitrogen gas and were extruded through a tube-in-orifice spinneret (outer 
diameter 3 mm, inner diameter 1.2 mm) into tap water with an air-gap of between 0 cm and 
15 cm or were transferred to a 200 ml Harvard stainless steel syringe and the extrusion rate 
of the spinning suspension and the flow rate of the internal precipitant were accurately 
controlled and monitored by two individual Harvard PHD 22/2000 Hpsi syringe pumps, 
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ensuring the uniformity of the prepared precursor fibres. The procedure is described in detail 
elsewhere [20]. De-ionized water was used as the internal precipitant at a flow rate of 10-
37.2 ml/min. 
The fibre precursors were left in the external precipitation bath overnight to allow for 
completion of phase inversion. They were then immersed in an excess of tap water which 
was replaced periodically over a period of 48 hours in order to remove traces of NMP. 
Finally, the hollow fibre and flat sheet membrane precursors were calcined in air 
(CARBOLITE furnace) to yield ceramic hollow fibre membrane. The temperature was 
increased from room temperature to 600 oC at a rate of 2 oC min-1 and held for 2 hours, then 
to 1000 oC at a rate of 5 oC min-1 and held for 2 hours and finally to 1450 oC at a rate of 5 oC 
min-1 and held for 4 hours. The temperature was then reduced to room temperature at a rate 
of 5 oC min-1. 
4.2.3. Preparation of Pd membranes by electroless plating 
Prior to electroless plating, the specified outer surface of the Al2O3 hollow fibres are 
covered with a gas-tight glaze except the 5 cm nearest to the closed end which is left bare 
for Pd coating, as illustrated in Figure 4-32. To form a glaze slurry, both glaze powder and 
deionised water are mixed in a beaker with continuous agitation. Then the quality of the 
resulting slurry is inspected by applying it on the surface of an alumina fibre via dip-coating 
as a test to scrutinize coating thickness. Adjustment is neccessary if the slurry is too thin or 
too thick and is achieved by adding the appropriate amount of glaze and water. Prior to 
firing at 950 ºC, slurry coated fibres are dried in a fume hood at room temperature for an 
hour until partially dry. The dwelling time for firing is approximately seven minutes. The 
quality of the hardened glaze is closely inspected to detect any potential defects, i.e. 
pinholes, that require secondary glaze treatment by repeating the above steps. 
 
Substrates are activated for 8 loops while the Pd electroless plating is carried out for the 
duration of an hour while refreshing the solution every half an hour. In depth discussion of 
these procedures is presented in Chapter 3. After drying at 120°C overnight, Pd electroless 
plating was carried out on the activated hollow fibre substrates. The ratio between the 
plating solution volume and the surface area of hollow fibres to be plated was fixed at 3.7 
mL cm-2. After preheating to 60°C, 10% v/v hydrazine was injected into a helium flow 
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which conveyed it to the plating vessel. Helium gas was continuously sparged to provide 
agitation in order to reduce mass transfer limitation to the autocatalytic electroless plating 
reaction. The thickness of the Pd membrane was estimated gravimetrically, assuming that 
the increase in the mass of the plated hollow fibre was solely from the deposition of the Pd 
membrane, and was also determined by SEM (JEOL JSM-5610LV, Tokyo, Japan). Details 
of the plating process and operating conditions are summarized in Table 4-4. 
 
Table 4-4. Pd electroless plating scheme 
Step Compound Composition Conditions 
Sensitizing SnCl2·2H2O 1 g L
-1 25 °C, 3 min 
 HCl (37%) 1 mL L-1  
Washing DI water  25 °C, 2min 
Activation PdCl2  0.1 g L
-1 25 °C, 3 min 
 HCl (37%)  1 mL L-1  
Rinsing  HCl 0.01 M 25 °C, 1 min 
 DI water  25 °C, 1 min 
Plating Pd(NH3)4Cl2·H2O 4 g L
-1 60 °C 
 Na2EDTA·2H2O  40.1 g L
-1 pH=11-12 
 NH3·H2O (28%) 198 mL L
-1  
 N2H4 (0.5mol) 5.6 mL L
-1  
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Figure 4-32.  Pd/Al2O3 hollow fibre membrane with a 5 cm effective permeation zone. 
4.2.4. Gas permeation measurement 
Gas permeation measurements for the Al2O3 hollow fibre substrates were carried out at 
room temperature using pure N2 (BOC Gas) as the test gas [24]. The hollow fibre with one-
end sealed was potted in a module using quick-set epoxy resin. The operating pressure (shell 
side) was controlled by a pressure regulator (OMEGA, PRG101-120) and was monitored by 
a digital electronic pressure gauge (OMEGA, DPG1000B-100G). The permeate gas was 
collected from the fibre lumen and was measured using a soap-bubble flow meter. The 
permeation fluxes were recorded as the operating pressure was increased from atmospheric 
pressure up to 351 kPa (gauge) with an interval of 20.7 kPa between each reading.   
The experimental set-up for H2 permeation measurements through the Pd/Al2O3 hollow fibre 
membranes is illustrated in Figure 4-33. The module was placed into a tubular furnace 
(CARBOLITE, MTF 10/25/130) with a 5 cm constant-temperature heating zone (total 
length of 15 cm). The leakage from the joints or any defects was inspected by introducing 
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N2 up to 414 kPa into the module and viewing the nitrogen permeation at room temperature 
or the pressure change in the permeation cell with time. Further hydrogen permeation 
measurements were conducted only on the membrane modules in which no detectable 
nitrogen permeation was found over a period of about 24 h. The hydrogen permeation fluxes 
were recorded with operating pressures (up to 345 kPa) over a temperature range of 300 to 
450°C controlled by a microprocessor temperature controller.  
Prior to hydrogen permeation measurements, the Pd/Al2O3 composite membranes were 
activated at 450°C for 2 hours under hydrogen gas pressurized at 70 kPa. The process 
initially started by increasing the furnace temperature, at a ramp rate of 3°C min-1 in a 
nitrogen purge, to the activation temperature. The integrity of the composite membranes was 
inspected again before switching to hydrogen. The first reading of hydrogen permeation flux 
was taken after the completion of activation at 450°C. The temperature was then cooled 
down to 400°C, 350°C and 300°C with an operating pressure up to 345 kPa for each 
temperature change. 
 
 
 
Figure 4-33. Schematic diagram of the experimental set-up for hydrogen permeation 
measurements. 
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4.3. Theory description 
4.3.1. Permeation in the porous hollow fibre substrate 
 
The porous Al2O3 hollow fibre substrate prepared by the phase inversion/sintering process 
has an asymmetric structure and irregular pores. However, for simplification, it can be 
assumed that the porous structure consists of a group of columniform pores with different 
diameters and a single effective length, Lp as shown in Figure 4-34 (a). A tortuosity factor, 
τp, is applied to correct for pore geometry and length. Usually the pore size of an asymmetric 
structure can be described with a log-normal distribution function [26,27] that is, 
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where, rm is the mean radius and σ is the dimensionless standard deviation of the membrane 
pore size.  
 
The gas permeation through the pores of a porous structure generally involves different 
transport mechanisms, i.e. Knudsen diffusion, slip flow and viscous flow (Poiseuille flow) 
depending on the pore size and the operating conditions [23,24]. The permeation flux 
through a capillary pore of radius r by Knudsen flow, slip flow and viscous flow can be 
expressed respectively by: 
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where JK, Js and Jv are the gas molar flux under Knudsen flow, slip flow or viscous flow, 
respectively; R is the gas constant; M the molecular weight; µ the viscosity of the gas; T the 
operating temperature; ∆p is the pressure differential across the membrane, lh ppp −=∆ ; 
and p  is the mean pressure across the substrate; 2/)( lh ppp += , in which ph and pl are the 
high and the low pressure on opposite sides of the substrate.  
 
In general, it is considered that the Knudsen flow, slip flow and viscous flow predominates 
the permeation in the pores λ05.0≤r , λλ 305.0 ≤< r , and λ3>r , respectively, where λ is 
the mean free path of the permeate gas and r is the pore radius. [18]. 
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Therefore, the overall gas permeation flux through the porous structure with a pore 
distribution can be given by: 
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or 
pPJ s ∆⋅=                                   (4.7) 
where Ps is the gas permeance of the substrate, mol m
-2 s-1 Pa-1 expressed by, 
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As can be seen, the gas permeation flux in the porous substrate is a function of the effective 
porosity pp L/ε and the pore distribution. If a group of experimental permeation rates at 
different pressures is known, the structural properties including the effective porosity and 
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the distribution parameters such as rm and σ can be obtained by regressing the experimental 
permeation rate. 
pA
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P
m
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exp
 
with eq. (4.8), where Q is the experimental permeation 
rate; Am is the permeation area, 
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, in which ro and ri are respectively the 
outer and the inner radius of the hollow and L is the fibre length [19].  
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Figure 4-34. Schematic diagram of the permeation through (a) porous substrate; (b) 
Pd/Al2O3   composite membrane. 
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4.3.2. Hydrogen permeation through Pd membranes 
Hydrogen permeation in the Pd-based membranes follows a solution-diffusion mechanism: 
1) hydrogen gas chemically is adsorbed on the membrane surface and dissociates into 
atomic hydrogen; 2) the surface atomic hydrogen is dissolved into the bulk membrane, 
followed by diffusion down the concentration gradient; 3) the atomic hydrogen is 
recombined on the surface of the permeate side of the membrane into hydrogen molecules 
and is desorbed as a gas. Sieverts’ law is usually applied to express the hydrogen permeation 
flux in the Pd and Pd/Ag metal membrane [22,28]. 
( )5.05.0
lhdPd
ppPJ −=                                (4.10) 
 
where Pd is the hydrogen permeance in the Pd membrane, which is given by: 
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in which P0 (mol m
-1 s-1 Pa-0.5) and Ea (J mol
-1) are the pre-exponential factor and activation 
energy for the pure hydrogen permeability, respectively and δ (m) is the Pd thickness. When 
bulk diffusion of atomic hydrogen is the rate controlling step, the value of the pressure 
exponent should be 0.5. However, the pressure exponent value may be larger than 0.5 when 
the surface processes of hydrogen adsorption and dissolution have an effect on hydrogen 
permeation.   
 
4.3.3. Hydrogen permeation through the Pd/Al2O3 composite membrane 
Since the deposited Pd penetrates into the pores of the Al2O3 substrate, the hydrogen 
permeation process through Pd/Al2O3 composite membranes is much more complicated than 
through pure Pd membranes. As described in Figure 4-34 (b), the hydrogen permeation 
process in the Pd/Al2O3 composite membrane includes the following steps in series: 1) 
external molecular transport from the bulk gas phase to the Pd membrane surface on the 
retentate side; 2) permeation through the Pd layer on the substrate surface; 3) permeation 
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through the Pd layer that has penetrated into the substrate pores; 4) permeation in the porous 
substrate; and 5) external molecular transport from the substrate surface to the bulk gas 
phase on the permeate side. In general, the gas phase mass transfer resistances (steps 1 and 
5) are small and may be negligible compared to the others. Therefore, the hydrogen 
permeation rate through the composite hollow fibre may be given by: 
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where pi1 and pi2 are the hydrogen partial pressures at the interfaces between the Pd surface 
layer and the substrate, and between the penetrated Pd layer and the substrate pores 
respectively. δ1 and δ2 are the thicknesses of the Pd surface layer and the penetrated Pd 
layer, respectively. L is the permeation length of the hollow fibre membrane. εs is the 
surface porosity of the substrate for Pd penetration. In calculations, the interface pressures, 
pi1 and pi2 may be obtained by the least square method with Eq. (4.12). 
 
The effect of the substrate on the hydrogen permeation through the composite membrane 
can be evaluated by the substrate influence factor defined by the ratio of the pressure drop 
across the substrate to the total pressure difference across the composite membrane, 
lh
li
pp
pp
−
−
= 1η            (4.13) 
When η0 the influence of the substrate is negligible, whereas the permeation is controlled 
by the substrate when η1. 
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4.4. Results and discussion 
4.4.1. Al2O3 hollow fibre substrates 
The Al2O3 hollow fibre substrates prepared by the phase inversion and sintering technique 
result in an asymmetric macrostructure containing finger-like and sponge-like layers. 
Following the high temperature sintering stage, alumina particles appear as a closely packed 
body as shown in Figure 4-35(a) and (b). Generally, sintering can be divided into three 
stages; first densification occurs; followed by grain coarsening and finally pore closing 
[20,21]. A reduction in free energy of the system during sintering is the overall driving force 
for the sintering process. Initially “neck growth” occurs at the points of contact between the 
particles as the vapour pressure in this region is lower than over the rest of the particle 
surface. Therefore, vaporized material is transferred from the particle surface to regions of 
neck growth and particles merge in this way. Densification proceeds as regions of high free 
energy created by un-bonded atoms at surfaces and grain boundaries are eliminated by 
various diffusion mechanisms such as surface diffusion, bulk diffusion and grain boundary 
diffusion. In the later stage of the sintering process, the grain size progressively grows which 
remarkably affects the substrate porosity and mechanical strength.   
 
 
 
.   
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(a) 
 
(b) 
Figure 4-35. FE-SEM images of the Al2O3 hollow fibre substrates at different 
magnifications (a) magnified 32 x 103 times; (b) magnified 200 x 103  times. 
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There are several ways of adjusting the asymmetric macrostructure of the ceramic hollow 
fibres, such as changing the viscosity of the spinning suspension by adding a certain amount 
of non-solvent additive and changing spinning parameters like extrusion rate, air-gap and 
the flow rate of the internal precipitant etc. [20].  
 
Figure 4-36(a-c) shows the morphology of fibres prepared with decreasing air gaps of 11, 9 
and 3 cm at an internal precipitant flow rate of 12 ml min-1 and an extrusion rate of 7 ml 
min-1. It can be seen that the change of the air gap between the spinneret and the 
precipitation bath remarkably alters the fibre morphology. These particular air gaps produce 
a highly asymmetric macrostructure in which finger-like voids occupy approximately 80, 50 
and 30% of the fibre cross section, respectively, while the remaining portion occupied by a 
sponge-like region. The morphology of these fibres is attributed to hydrodynamically 
unstable viscous fingering occurring at the inner fibre surfaces. When the nascent fibre is 
exposed to the atmosphere due to the air gap, the viscosity of the outer region increases 
while finger-like voids originating at the inner surface penetrate into the fibre cross-section. 
Therefore, the presence of an air gap between the spinneret and the precipitation bath results 
in asymmetric fibre structures such as those shown in Figure 4-36. 
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Figure 4-36. Cross-sectional images of the Al2O3 hollow fibre substrates at 250 times 
magnification spun with different air gap of (a) 11 cm (Sub_80F); (b) 9 cm (Sub_50F); (c) 3 
cm (Sub_30F). 
(a)
(b)
(c)
( ) 
(
) 
(c) 
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4.4.2. H2 permeation at different thickness ratios between a finger-like layer and the 
sponge-like layer 
In this chapter, the control over the asymmetric macrostructure of alumina hollow fibre 
substrates was achieved by using different air gaps during the spinning process, i.e. 3, 9 and 
11 cm, for fabricating hollow fibres with different relative thicknesses of finger-like and 
sponge-layers. The resultant hollow fibres with finger-like voids extending across 30, 50 and 
80 % of the fibre cross-section are denoted as Sub-30F, Sub-50F and Sub-80F, respectively, 
where the numbers represent the length of the finger-like voids, Figure 4-36. Obviously, the 
gas permeation through such asymmetric membranes is mainly controlled by the pores in 
the sponge-like region as they are much smaller than the finger-like pores.  
Figure 4-37 shows the nitrogen permeances through the hollow fibre substrates with 
different macrostructures. As expected, the hollow fibres with longer finger-like pores have 
higher a permeance than those with shorter finger-like pores. By regressing the experimental 
permeance data using eq. (4.8), the structural parameters of the hollow fibre substrates can 
be obtained as summarized in Table 4-5. It can be seen that the effective porosity increases 
with finger length but the pore size distributions of all the hollow fibre samples are almost 
the same with an average pore radius of ~0.034 µm. This further confirmed that the gas 
permeation in the hollow fibres is mainly controlled by the macro pores between the Al2O3 
particles in the sponge-like layer instead of the finger-like pores formed by viscous fingering 
during the phase inversion process.  
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Figure 4-37. Nitrogen permeance through the Al2O3 hollow fibre substrates with different 
macrostructures. 
 
Table 4-5. Parameters of the Pd/Al2O3 composite hollow fibre membranes 
Sample Fibre30F_5 Fibre50F_6 Fibre80F_5 
Substrate: Sub-30F Sub-50F Sub-80F 
      OD/ID, cm 0.2/0.115 0.2/0.115 0.2/0.115 
      Effective porosity, m-1 425.44 753.33 1927.5 
      Average radius, µm 0.0345 0.0334 0.0333 
       Deviation 1.3108 1.3108 1.3108 
Pd loading (g Pd m-2 fibre) 55.704 59.206 58.887 
Equivalent thickness of Pd 
membrane, µm 
4.73 5.03 5.00 
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4.4.3. Pd/Al2O3 composite hollow fibre membranes 
Pd membranes were directly coated onto the outer surface of the asymmetric Al2O3 hollow 
fibre substrates via the electroless plating method and are shown in Figure 4-38 (a-d).  
Figure 4-38(a) depicts two distinct regions, one for the activated substrate and one Pd coated 
region. In contrast to the uncoated region, surface pores in the Pd coated region are evenly 
covered with a dense Pd layer as can be seen in (b) producing a dense metal layer deposited 
on the alumina substrate (d). At ca. 200 x 103 times magnification Pd deposits appears as 
nano-sized flakes that tightly packed as shown in (c). The equivalent thickness of the Pd 
membrane was calculated from the weight gain after Pd loading and was found to be about 
ca 5.0 µm as reported in Table 4-5. Such equivalent Pd thicknesses are much larger than the 
measured values from the SEM images shown in Figure (d) which are less than 5 µm . This 
implies that the Pd was not only coated on the surface but also penetrated into the hollow 
fibre to some degree.  
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Figure 4-38. FE-SEM images of the coated Pd film on the Al2O3 hollow fibre substrate (a) 
boundary between activated support and Pd layer (b) top surface at 5 x 103 times 
magnification, (c) top surface at ca. 200 x 103 times magnification, (d) cross-section of Pd-
Alumina composite membrane. 
Elemental analysis also indicated that the Pd metal slightly penetrated into the substrate 
pores as shown in Figure 4-39. The Pd penetration helps to improve the adhesion of the Pd 
membrane to the substrate but will increase hydrogen permeation resistance. The coated Pd 
membranes were dense as can be seen from the SEM image, Figure 4-38 (d), which was 
further confirmed by an N2 permeation test because no detectable N2 was observed at the 
operating conditions (temperature from 300 to 450 ºC pressure from 5 to 60 psi).  
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Figure 4-39. Line scan of an EDX analysis showing the elemental composition profile 
across the Pd/Al2O3 composite membrane. 
Figure 4-40 shows the hydrogen permeation flux through the Pd/Al2O3 composite hollow 
fibre membranes at different temperatures. As expected, the hydrogen permeation flux 
increased with increasing operating temperature and pressure gradient across the membrane. 
For the membranes with similar Pd thicknesses such as Fibre50F_6 and Fibre80F_5, the 
hydrogen permeation flux increased with the effective porosity of the substrate. But the 
permeation flux of the membrane with lower substrate porosity could also be improved by 
reducing the Pd membrane thickness. For example, although Fibre30F_5 membrane had 
lower substrate porosity than Fibre50F_6 membrane, it still exhibited equivalent hydrogen 
fluxes to the latter two. The calculated hydrogen fluxes were also plotted against operating 
pressure, solid lines in Figure 4-40. It can be seen that the experimental results can be 
described well with the permeation model. The surface porosity of the substrates for Pd 
coating was obtained from the experimental results and was between 0.23 and 0.32, as listed 
in the same figure. 
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Figure 4-40. H2 permeation flux of the Pd/Al2O3 composite hollow fibre membranes. 
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The hydrogen permeation fluxes from this study are presented in Figure 4-41 together with 
literature data obtained from other thin-film palladium-based membranes as listed in Table 
4-6[29]. The selected thicknesses are in the range of 0.35 – 24 µm and are used as a 
benchmark for easier comparison. The overall trend indicates that hydrogen permeation flux 
is inversely proportional to the Pd thickness, which agrees well with the theory. 
Interestingly, the experimental hydrogen permeation flux is within the region but is 
comparatively higher than the results obtained from the literature for a comparable Pd 
thickness of 5 µm.  
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Figure 4-41. Comparison of H2 permeation flux of the Pd/Al2O3 composite hollow fibre           
membranes with literature data. 
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Table 4-6. Compilation of permeation data for different Pd thickness 
Reference Year  Pd (µm) T (K) PH2, ret (kPa) PH2, per (kPa) n k 
(mol/(m s Pa
0.5
))  
 
k′ 
(mol/(m
2
 s Pa
0.5
))  
 
NH2(mol/ 
(m
2
 s)) 
Wu et al. [30] 2000 0.35 673 <101 <101 1 1.05E−12 3.00E−06 3.04E−01 
Wu et al. [30] 2000 0.35 723 <101 <101 1 1.40E−12 4.00E−06 4.05E−01 
Wu et al. [30] 2000 0.35 773 <101 <101 1 2.21E−12 6.30E−06 6.38E−01 
Keuler et al. [31] 2002 1 603 101–220 Sweep 1 1.10E−11 1.10E−05 1.11E+00 
Keuler et al. [31] 2002 1 643 101–220 Sweep 1 1.25E−11 1.25E−05 1.27E+00 
Keuler et al. [31] 2002 1 683 101–220 Sweep 1 1.30E−11 1.30E−05 1.32E+00 
Keuler et al. [31] 2002 1 723 101–220 Sweep 1 1.50E−11 1.50E−05 1.52E+00 
Yeung et al. [32] 1999 1.6 623 256 101 0.5 1.40E−10 8.80E−05 2.80E−02 
Yeung et al. [32] 1999 1.6 850 303 101 0.5 1.28E−09 8.00E−04 2.55E−01 
Yan et al. [33] 1994 2 295 100–200 Ar sweep 1 4.00E−15 2.00E−09 2.03E−04 
Yan et al. [33] 1994 2 373 100–200 Ar sweep 1 2.00E−13 1.00E−06 1.01E−01 
Yan et al. [33] 1994 2 573 100–200 Ar sweep 1 1.00E−11 5.00E−06 5.07E−01 
Shu et al. [34] 1996 2 573 105–120 N2 sweep 0.5 2.00E−09 1.00E−03 3.18E−01 
Shu et al. [34] 1996 2 623 105–120 N2 sweep 0.5 3.00E−09 1.50E−03 4.77E−01 
Shu et al. [34] 1996 2 673 105–120 N2 sweep 0.5 4.00E−09 2.00E−03 6.37E−01 
Shu et al. [34] 1996 2 723 105-120 N2 sweep 0.5 4.80E−09 2.40E−03 7.64E−01 
Yan et al. [33] 1994 2 773 100–200 Ar sweep 1 1.00E−11 5.00E−06 5.07E−01 
Shu et al. [34] 1996 2 773 105–120 N2 sweep 0.5 6.40E−09 3.20E−03 1.02E+00 
Kusakabe et al. [35] 2001 3 573 101.3 Ar sweep 1 7.50E−13 2.50E−07 2.53E−02 
Kusakabe et al. [35] 2001 3 673 101.3 Ar sweep 1 2.10E−12 7.00E−07 7.09E−02 
Jun and Lee [36] 1999 3 723 72 Vacuum 1 5.22E−11 1.74E−05 1.76E+00 
Kusakabe et al. [35] 2001 3 773 101.3 Ar sweep 1 6.00E−12 2.00E−06 2.03E−01 
Kusakabe et al. [35] 2001 3 873 101.3 Ar sweep 1 1.05E−11 3.50E−06 3.55E−01 
Souleimanova et al. [37] 2002 4 673 689 101 0.5 6.76E−10 1.69E−04 5.38E−02 
Kusakabe et al. [38] 1996 4.4 673 20–200 Ar sweep 1 4.40E−12 1.00E−06 1.01E−01 
Kikuchi [39] 1995 4.5 666 101 Sweep 0.5 4.02E−09 8.93E−04 2.84E−01 
Kikuchi [39] 1995 4.5 769 101 Sweep 0.5 6.03E−09 1.34E−03 4.27E−01 
Jemaa et al. [40] 1996 6 673 201 101 0.5 2.26E−09 3.76E−04 1.20E−01 
Souleimanova et al. [37] 2002 8 673 689 101 0.5 1.31E−09 1.64E−04 5.22E−02 
Li et al. [41] 2000 10 740 203 101 0.65 2.80E−09 2.80E−04 5.02E−01 
Collins and Way [42] 1993 11.4 823 156–2445 101–140 0.6 3.23E−09 2.83E−04 2.85E−01 
Collins and Way [42] 1993 11.4 873 156–2445 101–140 0.57 5.84E−09 5.13E−04 3.66E−01 
Chapter 4                                                                           Effect of substrate resistances on H2 permeation characteristics through Pd/Al2O3 composite hollow fibre membranes 
   
 159  
 
Reference Year  Pd (µm) T (K) PH2, ret (kPa) PH2, per (kPa) n k 
(mol/(m s Pa
0.5
))  
 
k′ 
(mol/(m
2
 s Pa
0.5
))  
 
NH2(mol/ 
(m
2
 s)) 
Uemiya et al. [31] 1991c 13 673 196 101 0.5 1.68E−08 1.19E−03 3.79E−01 
Uemiya et al. [31] 1991c 13 773 196 101 0.5 2.05E−08 1.46E−03 4.65E−01 
Collins and Way [42] 1993 17 723 156–2445 101–140 0.62 2.34E−09 1.38E−04 1.75E−01 
Collins and Way [42] 1993 17 773 156–2445 101–140 0.59 4.04E−09 2.38E−04 2.14E−01 
Collins and Way [42] 1993 17 823 156–2445 101–140 0.56 6.82E−09 4.01E−04 2.55E−01 
Collins and Way [42] 1993 17 873 156–2445 101–140 0.55 9.96E−09 5.86E−04 3.32E−01 
DeRossett [43] 1960 20 616 108–4925 101–2169 0.8 9.24E−11 4.62E−06 4.67E−02 
Kikuchi [39] 1995 20 666 101 Sweep 0.5 4.66E−09 2.33E−04 7.42E−02 
DeRossett [43] 1960 20 672 108–4925 101–2169 0.8 1.18E−10 5.90E−06 5.96E−02 
Uemiya et al. [44] 1991a 20 673 150–394 101 0.76 2.33E−10 1.16E−05 7.39E−02 
Uemiya et al. [45] 1991b 20 675 297 101 0.5 7.21E−09 3.61E−04 1.15E−01 
Uemiya et al. [45] 1991b 20 725 297 101 0.5 8.52E−09 4.26E−04 1.36E−01 
DeRossett [43] 1960 20 727 108–4925 101–2169 0.8 1.26E−10 6.30E−06 6.37E−02 
Kikuchi [39] 1995 20 769 101 Sweep 0.5 6.54E−09 3.27E−04 1.04E−01 
Shu et al. [34] 1994 20 773 136 He sweep 0.5 8.93E−09 4.47E−04 1.42E−01 
Uemiya et al. [45] 1991b 20 775 297 101 0.5 9.17E−09 4.59E−04 1.46E−01 
Collins and Way [42] 1993 20 823 156–2445 101–140 0.53 1.43E−08 7.15E−04 3.22E−01 
Paturzo and Basile [46] 2002 21 753 160–201 101 1 2.60E−09 5.46E−14 5.53E−09 
Lin et al. [47] 1998 22 623 202–1515 101 0.5 2.57E−09 1.17E−04 3.72E−02 
Lin et al. [47] 1998 22 623 202–1515 101 0.5 6.01E−09 2.73E−04 8.69E−02 
Mardilovich et al. [48] 1998 24 623 151–404 <101.3 0.5 7.41E−09 3.09E−04 9.84E−02 
Mardilovich et al. [48] 1998 24 623 151–404 <101.3 0.5 3.67E−09 1.53E−04 4.87E−02 
Mardilovich et al. [48] 1998 24 673 151–404 <101.3 0.5 6.70E−09 2.79E−04 8.88E−02 
Mardilovich et al. [48] 1998 24 723 151–404 <101.3 0.5 8.69E−09 3.61E−04 1.15E−01 
This Study [49] 2011 5 573 101-300 101 0.5 9.85E-09 1.97E-03 6.00E-01 
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4.4.4. Effects of the substrate macrostructure 
 
The effects of the substrate macrostructure on hydrogen permeation were studied in 
depth using the presented permeation model. Values of the membrane and operating 
parameters listed in Table 4-7 were employed in the calculations unless otherwise 
specified.  
Table 4-7. Basic parameters for the Pd/Al2O3 composite membrane used in theoretical 
analysis. 
 Parameters Values 
Substrate structure Mean radius rm=0.05 µm 
 Standard deviation σ=1.0 
 Effective porosity 
pp L/ε =1000 m
-1 
 Outer diameter of the fibre do=2.0 mm 
 Inner diameter of the fibre di=1.2 mm 
 Surface porosity for Pd penetration εs=0.5 
Pd membrane Pre-exponential factor of hydrogen 
permeability  
P0=1.92×10
-7 
mol s-1 m-1 Pa-0.5 
 Activation energy  Ea=13.81 kJ mol
-1 
 Pressure depending constant  n=0.5 
 Membrane thickness δ=5 µm 
 Penetration depth δ2=2 µm 
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 Parameters Values 
Hydrogen permeation conditions 
 Temperature T=573 K  
 Retentate pressure ph=0.3 MPa 
 Permeate pressure pl=0.1 MPa 
 
Figure 4-42 depicts the hydrogen permeation flux as a function of the reciprocal of Pd 
membrane thickness at different effective porosity of the substrate where the mean 
pore size and standard deviation are kept constant. In this figure the hydrogen 
permeation flux through the Pd membrane with negligible substrate resistance, 
namely, the effective porosity of substrate is infinite, is also plotted as the dashed line. 
It can be seen that the hydrogen permeation flux through the Pd/Al2O3 composite 
membranes is noticeably affected by the effective porosity of the Al2O3 substrate. For 
the pure Pd membrane, the hydrogen permeation flux increase linearly with the 
reciprocal of its thickness as shown in eq. (4.10). Therefore, the hydrogen flux can be 
very high as long as the Pd membrane thickness is reduced to as thin as possible. For 
example, the hydrogen flux through a Pd membrane of 1 µm thickness can reach up to 
2.98 mol m-2 s-1. However, as the Pd membrane thickness decreases, the difference 
between the fluxes of the composite membrane and of the pure Pd membrane 
becomes larger and larger, indicating that the substrate plays a more and more 
important role in hydrogen permeation. 
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Figure 4-42. Effect of the substrate effective porosity on hydrogen permeation flux. 
Likewise, the influence of the substrate on hydrogen permeation will become more 
noticeable as the effective porosity decreases. Figure 4-43.  shows the influence factor 
of the substrates with different effective porosity as a function of the Pd membrane 
thickness. Since the Pd membrane thickness in composite membranes is usually lower 
than 10 µm, the effective porosity of the substrate should be at least 1000 m-1 so that 
the effect of the substrate on hydrogen permeation is lower than 5%.  
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Figure 4-43. Relationship between the influence factor of the substrates with different 
effectively porosity and the thickness of the Pd membrane. 
 
Meanwhile, Figure 4-44 illustrates the hydrogen permeation fluxes with different 
mean pore radius and standard deviations. As can be seen, for a given standard 
deviation, the hydrogen flux increases with mean pore radius since the substrate 
resistance to mass transfer is reduced. However, for a given mean pore radius, the 
permeation flux initially increases as the standard deviation is increased up to ca. 1.2, 
but then it decreases with further increasing standard deviation. This can be explained 
by the change of the pore size with the standard deviation. It is known that a small 
standard deviation implies the pore size of the substrate is more uniform. As the 
standard deviation is increased, pores both smaller and larger than the average pore 
size will be increased in quantity. Increase of a small standard deviation gives a 
smaller permeation resistance, but the increase of a large standard deviation usually 
leads to an increase in permeation resistance because the number of smaller pores will 
be greater than the number of larger ones. The optimum standard deviation for the 
substrate pores is around 1.2. As we know, a support with a uniform pore size is 
always desired to achieve a good quality coated membrane. Therefore, the porous 
Al2O3 hollow fibre substrate for Pd coating should possess a suitable mean pore radius 
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(not too small) so as to improve the performance of the resultant composite 
membranes. 
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Figure 4-44. Effect of the pore size distribution of substrate on the performance of the 
Pd/Al2O3 composite hollow fibre membranes. 
On the other hand, Figure 4-45 shows the hydrogen permeation flux as a function of 
temperature for the composite membranes with different effective porosities. When 
the effective porosity is very low, e.g., pp L/ε = 20 m
-1, the hydrogen permeation flux 
decreases as the permeation temperature is increased. This implies that at this 
effective porosity the permeation rate is controlled by the permeation through the 
substrate. As the effective porosity is increased to above 100 m-1, the hydrogen 
permeation flux increases with increasing temperature. It suggests that the permeation 
in the Pd membrane also plays an important role in the process. However, as the 
temperature increases, the role of the permeation in the Pd membrane is less 
dominant. This can be seen from the figure as the solid lines deviate from the dashed 
line more and more as the permeation temperature is increased. In fact, the deviation 
is believed due to the substrate resistance, which become more dominant at high 
temperature. As temperature increases the mean free path of a permeate gas increases 
resulting more gas molecules collide with the pore wall more frequently.   
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Figure 4-45. Hydrogen permeation flux through the Pd/Al2O3 composite hollow fibre 
membranes as a function of temperature for substrates with different effective 
porosities. 
 
4.5. Conclusions 
Asymmetric Al2O3 hollow fibres with different macrostructures and effective 
porosities were prepared by varying the air-gap lengths during the spinning process. 
Thin Pd membranes were directly deposited onto the outer surface of the hollow fibre 
substrates to form Pd/Al2O3 composite membranes. The hydrogen permeation flux of 
the resultant composite membranes is determined not only by the Pd membrane 
thickness but also by the macrostructure of the substrate. In order to improve the 
permeation properties of the composite membranes, the macrostructure of the hollow 
fibre substrate has to be optimized and the optimum standard deviation for the 
substrate’s pores should be around 1.2.  
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Chapter 5 
 
A Multifunctional Pd/Alumina Hollow Fibre Membrane Reactor for 
Methylcyclohexane Dehydrogenation 
 
Abstract 
 
Following the successful development of a Pd/alumina composite hollow fibre 
membrane in Chapter 3, a highly compact multifunctional Pd/alumina hollow fibre 
membrane reactor (HFMR) was further developed and used for the catalytic 
dehydrogenation of methylcylohexane (MCH) to toluene. The assembly of HFMR 
consists of a thin and defect free Pd membrane of 5 µm in thickness coated directly 
onto the outer surface of an alumina hollow fibre substrate with a unique asymmetric 
pore structure, i.e. a sponge-like outer layer and a finger-like inner layer. 50 wt% 
Ni/Al2O3 catalyst is directly deposited into the asymmetric support, with a fraction of 
catalyst particles distributed uniformly in the finger-like macro-voids while the other 
fraction remains on the lumen surface forming a “cake-layer”. A significant increase 
in gas permeation resistance occurs due to this “cake-layer”-like catalyst when the 
catalyst loading (weight per unit fibre length) is above 2.3 mg cm-1. MCH conversion 
increases with the increasing temperature, because of the endothermic nature of the 
reaction; and decreases with higher sweep gas flow rates due to the more serious 
catalyst deactivation in the HFMR, as a consequence of hydrogen separation. For a 
porous membrane reactor (PMR), radial flow results in the maximum conversion of 
50%, whereas axial flow gives 40% conversion. Both of these are substantially higher 
than FBR, i.e., 25% MCH conversion. For a HFMR with 1.0 mg cm-1 of catalyst 
loading, MCH conversion of approximately 26% can be achieved at 610 °C, which is 
almost similar to FBR due to more catalyst deactivation.  
 
 
Chapter 5  A Multifunctional Pd/Alumina Hollow Fibre Membrane Reactor for MCH Dehydrogenation  
 
 172  
5.1. Introduction 
As has been reviewed in Chapter 2, hydrogen has been considered as a potentially 
long-term solution to world energy needs [1,2]. Although great attention has been 
focused on hydrogen as a clean secondary energy, there are still a number of 
challenges particularly in transportability and storability. Numerous H2 storage 
methods, i.e. liquefied H2, pressurized H2, metallic hydrides, graphite nanofibres and  
carbon nanotubes adsorption, are considered too expensive for potential applications 
[3]. While H2 storage in the form of organic chemical hydrides, such as cyclohexane, 
methylcylohexane and decalin with relatively high hydrogen content, i.e. 6–8% on 
weight basis and ca. 60–62 kg m-3 on volume basis, sounds promising and has been 
widely investigated as an alternative storage method [4]. Due to the high boiling 
points, liquid organic hydrides are a potentially safe media as hydrogen carriers [5,6]. 
Additionally, the advantages of using the cycloalkanes as a hydrogen carrier include 
the supply of hydrogen without the production of noxious gases such as carbon-
monoxide (CO), as well as the production of recyclable aromatic products [7,8]. In 
this respect, the catalytic dehydrogenation of cycloalkanes has been reported in 
several studies as a viable option for delivery of hydrogen [9].  
 
In the last several decades, inorganic catalytic membrane reactors (CMR) combining 
catalytic reaction and separation into a single unit have attracted extensive attention in 
the research community [10-13]. This research area can be divided into two major 
categories for dense CMRs, in view of the functions of the membrane. The first is the 
use of a membrane to selectively remove a product from a reaction that is limited by 
chemical equilibrium [14,15], shifting the reaction towards the product side and 
simplifying subsequent product separations. The second is the use of a membrane to 
simultaneously purify and uniformly distribute a reactant throughout the reactor 
[16,17], which offers a high level of control over how the reactants get into contact. 
Use of palladium (Pd) or Pd-alloy membranes in CMR, where the membrane 
“extracts” hydrogen - a critically important energy carrier - from a reaction, have been 
proved experimentally and theoretically to be efficient in enhancing conversions 
and/or lowering operating temperatures of endothermic, equilibrium-limited reactions 
[18,19] such as dehydrogenation of MCH (C7H14↔3H2+C7H8 , ∆H = 205 kJ mol
-1)  
[20-22]. Thin and defect-free Pd or Pd-alloy membranes with high hydrogen 
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permeability and selectivity can be supported by porous alumina hollow fibres [23-28] 
with up to now the highest surface area/volume value, demonstrating the advantages 
of using composite membranes of this type in hydrogen separation. Moreover, in a 
recent work by Kingsbury et al. [29], porous alumina hollow fibres with a unique 
asymmetric pore structure, i.e. a sponge-like outer layer and a finger-like inner layer, 
have been developed via a one step dry-wet spinning/sintering technique [23]. Such 
alumina hollow fibres have been utilized for the fabrication of a highly compact 
hollow fibre membrane reactor (HFMR) for propane dehydrogenation [30] and water 
gas shift (WGS) reaction [31] by directly coating a thin Pd/Ag membrane onto the 
outer surface of the alumina hollow fibres, and depositing catalyst into the finger-like 
inner layer [32]. 
 
In contrast to the previous researche where catalysts were prepared via washcoating 
[30] and sol-gel methods [31] inside the hollow fibre pore structure, a 50 wt% 
Ni/Al2O3 catalyst was prepared in the present study by a conventional wet 
impregnation method, using a nano-sized catalyst support. The catalyst was directly 
deposited into asymmetric alumina hollow fibre supports. The asymmetric hollow 
fibres composed of an asymmetric pore structure, i.e. a sponge-like outer region and a 
finger-like inner region, have been prepared using a combined phase inversion and 
sintering technique [29]. A thin Pd membrane of 5 µm thickness for H2 separation is 
then electrolessly plated on the outer surface of the support to develop a 
multifunctional hollow fibre membrane reactor (HFMR) for dehydrogenation of MCH 
to toluene. A porous membrane reactor (PMR) without a Pd layer was also prepared 
for the purpose of comparison. The prepared hollow fibres with deposited catalyst 
were characterized using SEM and EDS to investigate the distribution of the catalyst 
particles in the hollow fibre. The effects of catalyst loading on gas permeation 
resistance have been investigated as well.  
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5.2. Experimental 
5.2.1. Materials 
The following sub-sections describe the materials needed to produce alumina hollow 
fibres and Pd membrane which were discussed in depth in the previous chapters. 
 
5.2.2.1 Alumina hollow fibres 
Aluminium oxide powders of 1 µm (alpha, 99.9% metals basis, S.A. 6-8 m2 g-1), 0.05 
µm (gamma-alpha, 99.5% metals basis, S.A. 32-40 m2 g-1) and 0.01 µm (gamma-
alpha, 99.98% metals basis, S.A. 100 m2 g-1) were purchased from Alfa Aesar and 
were used as supplied. Polyethersulfone, (PESf, Radel A-300, Ameco Performance, 
USA), N-methyl-2-pyrrolidone (NMP, HPLC grade, Rathbone) and Arlacel P135 
(Uniqema, UK) were used as binder, solvent and additive, respectively. DI water and 
tap water were used as the internal and external coagulants, respectively, for the 
fabrication of alumina hollow precursor fibres. 
 
5.2.2.2 Electroless plating of Pd membrane 
Tetraamminepalladium(II) chloride monohydrate  (99.99% metals basis, Sigma-
Aldrich), EDTA (IDRANAL®III, Riedel-de Haen), ammonium hydroxide (28%, 
Sigma-Aldrich) and hydrazine hydrate (Sigma-Aldrich) were used for preparing the 
Pd plating solution, whereas tin(II) chloride dehydrate (puriss. p.a., Sigma-Aldrich), 
hydrochloric acid (37%, AnalaR NORMAPUR) and palladium (II) chloride 
(99.999%, Sigma-Aldrich) were used for preparing the activation solutions whilst 
nickel(II) hexahydrate (99%, Acros Organics) was used as a catalyst pre-cursor. 
 
5.2.2. Fabrication of multifunctional HFMR 
5.2.2.1 Asymmetric alumina hollow fibre substrates 
Asymmetric alumina hollow fibre substrates were fabricated via the combined phase 
inversion and sintering technique [23]. The preparation of the alumina hollow fibre 
support has been described in Chapter 2.  
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5.2.2.2 Catalyst preparation  
The 50 wt% Ni/γ-Al2O3 catalyst was prepared by wet impregnation of γ-Al2O3 
powders (60-80 nm particle size) with nickel (II) nitrate hexahydrate catalyst 
precursor. First, 10 g of γ-Al2O3 was added into 50 ml de-ionized water and was 
heated on a hot plate at 90°C. To obtain a nickel loading of 50% wt. on the support, 
49.5 g nickle (II) nitrate hexahydrate crystal (Alfa Aesar Co.) was slowly added to the 
stirred γ-Al2O3 suspension. The suspension was stirred and heated at 90°C until it 
became very thick and paste-like. The catalyst paste was dried at 110ºC overnight in 
the oven and calcined at 550ºC for 4 h with heating and cooling rates of 5ºC/min, and 
was finally crushed into powder.  
 
5.2.2.3 Catalyst screening 
Three different catalysts were tested for MCH dehydrogenation reaction, which were 
0.5 wt% Pt/Al2O3 commercial catalyst (beads), 50 wt% Ni/γ-Al2O3 commercial 
catalyst (Acros D90 < 100 µm)  and home made 50 wt% Ni/γ-Al2O3 catalyst. The first 
catalyst was ground into powder prior to the test. For FBR, 1g of catalyst powder was 
diluted by 1.35g of carborundum (SiC, particle size of 1.68 mm). The mixture was 
packed in the centre of a dense ceramic tubular column (25 cm in length with the 
internal diameter of 6 mm), resulting in a bed length of approximately 2 cm. To 
immobilize the catalyst bed, glass wool was placed at both ends of the catalyst bed. 
Prior to the reaction, all the catalysts were activated by pure hydrogen (30 ml min-1) at 
400ºC for 2 hours. 
 
5.2.2.4 Deposition of catalyst in the hollow fibre substrate 
35 mg of crushed catalyst was dispersed in 250 ml of deionised water and sonicated 
for 20 minutes, no dispersing agent was added in the catalyst suspension. The 
prepared catalyst was then deposited in the hollow fibre supports, using a process 
illustrated in Figure 5-46. Assuming uniform catalyst deposition along the 35 cm 
length of the hollow fibre, it is expected that approximately 1 mg catalyst can be 
deposited per unit centimetre length. The obtained suspension was then transferred 
into a metal syringe of 50 ml and pressurized (60 psi) through the porous alumina 
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support as shown as well in Figure 5-46.  One end of the fibre was blocked by epoxy 
while the other end was sealed into the syringe. Catalyst particles, in this case, can be 
deposited inside the porous hollow fibre supports with only clear water penetrating 
through the fibre. Catalyst loading can thus be controlled by repeating the deposition 
process of this type. The impregnated fibres were then dried in oven at 110ºC 
overnight.  
 
 
Figure 5-46. Direct deposition of 50 wt% Ni/γ-Al2O3 catalyst into hollow fibre 
substrates. 
 
5.2.3. Electroless plating of Pd membrane 
The two ends of the impregnated fibres were sealed with epoxy prior to surface 
activation and electroless plating of Pd membrane. The length and OD of fibres to be 
activated and plated are 25 cm and 1.89 mm. No glaze materials were used to control 
the H2 permeation zone; instead, the Pd coating layer covered the entire membrane 
length. The substrate activation steps were carried out as in the preceding chapters. 
During activation of the membrane reactor, each activation solution was directly 
sprayed onto the membrane outer surface for 30 seconds for 8 loops of activation. 
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5.2.4. Characterizations of HFMR 
The morphology of the asymmetric alumina hollow fibre substrates, the coated Pd 
membranes and the one impregnated  with 50 wt% Ni/γ-Al2O3 catalyst were visually 
observed using a scanning electron microscope (SEM, JEOL JSM-5610LV, Tokyo, 
Japan) and a field emission scanning electron microscope (FE-SEM, LEO1525, 
Carl Zeiss SMT Ltd). An EDS analysis (INCA Energy by Oxford Instruments) was 
employed to investigate the catalyst distribution across the substrates. 
 
5.2.5. MCH dehydrogenation reaction in HFMR 
For the purpose of comparison, MCH dehydrogenation reaction was carried out in 
three different types of reactors, i.e. fixed-bed reactor (FBR), PMR (without the Pd 
membrane) and HFMR at atmospheric pressure over a temperature range of 300–600 
°C. To match with the amount of catalyst deposited into the hollow fibre, a fixed-bed 
reactor was operated with 0.035 g catalyst diluted by 1.35 g carborundum particles. 
The reactor configuration and pre-treatment are similar as in the catalyst screening 
test mentioned above. 
 
For the porous and Pd membrane reactor, the hollow fibres were placed in the ceramic 
tubular column where the two ends were sealed in Swagelok fittings with quick-set 
epoxy. The overall experimental set-up is illustrated in Figure 5-47 . The activation of 
Pd membrane and catalyst was performed simultaneously using pure hydrogen (10 
and 30 ml min-1 in lumen and shell, respectively) at 400ºC for 2 hours, while the PMR 
was activated by permeating the H2 across the fibre. Prior to the reaction, the reactor 
was purged with argon to remove hydrogen from the previous catalyst activation 
steps. During the reaction, 10 mole % of MCH was constantly fed into the reactor by 
saturating 10 ml min-1 of Ar with MCH vapour in a jacketed saturator as depicted in 
Figure 5-47. The temperature of liquid MCH in the saturator was maintained at 35°C 
using an external heating bath that continuously circulates heated water to the 
saturator. 
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Figure 5-47. Experimental set-up for MCH dehydrogenation reaction. 
 
Variable sweep gas flow rates (20, 40, 60 ml min-1) were fed counter-currently at the 
shell side of the reactor module. The concentration of H2 was measured in the lumen, 
shell and both sides separately by means of  appropriate manipulation of valve V1 and 
V2 as in Figure 5-47. All streams containing hydrogen were channelled to TCD gas 
chromatography (Varian-3900) for measurements, while the actual flow rate was 
measured using a soap-bubble meter. The GC injections for product analysis were 
repeated three times for more reliable and reproducible results.  
 
5.3. Results and Discussion 
5.3.1. Selection of dehydrogenation catalyst 
A fixed-bed reactor experiment has been carried out to choose the suitable catalyst for 
MCH dehydrogenation reaction, the results of which are shown in Figure 5-48. 
Generally, both commercially and home made catalyst of 50 wt% Ni/γ-Al2O3 exhibits 
better activity than 0.5 wt% Pt/Al2O3 commercial catalyst, as they remain active 
above 300°C without showing any signs of deactivation as observed in 0.5 wt% 
Pt/Al2O3 catalyst. On the other hand, 0.5 wt% Pt/Al2O3 shows better activity at lower 
temperatures, with approximately 60% conversion at 250°C.  This concludes that 0.5 
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wt% Pt/Al2O3 catalyst is inappropriate to be used in association with Pd membrane, 
because an operating temperature above 300°C is required to avoid hydrogen 
embrittlement. 
 
Figure 5-48 further indicates that, MCH conversions on both Ni-based catalysts are 
comparable (~50%) until the operating temperature is 350°C, above which 
temperature the 50 wt% Ni/γ-Al2O3 commercial catalyst starts to exhibits better 
conversion. However due to larger particle size of 50 wt% Ni/γ-Al2O3 (10% of 
particle size is larger than 100 µm) of the commercial catalyst, it is impossible to 
impregnate the catalyst particles into the finger-like voids whose pore entrance is 
between 6-7 µm [29]. Hence, the home made 50 wt% Ni/γ-Al2O3 catalyst is finally 
selected for the subsequent work. 
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Figure 5-48.Catalyst screening of MCH dehydrogenation reaction. 
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5.3.2. Catalyst distribution of impregnated alumina hollow fibre substrates 
The 50 wt% Ni/γ-Al2O3 catalyst was successfully impregnated into the asymmetric 
hollow fibre substrates as shown in Figure 5-49 and Figure 5-50, using the method 
described in section 5.2.2.2. A thin catalyst layer can be observed in the finger-like 
void of the asymmetric alumina substrates, while the sponge-like regions remained 
unaffected. This is one of the preferred characteristics of catalyst deposits, which 
results in more efficient mass and/or heat transfer [39]. In such a fibre, each finger 
like void functions as a micro-channel which can be analogous to the channels that are 
traditionally fabricated for microreactor applications. Therefore, by using inorganic 
hollow fibres with a unique asymmetric pore structure with an extreamly high surface 
area to volume ratio, a highly compact multifuctional catalytic membrane reactor can 
be realized. 
 
An additional benefit of having this kind of impregnation method is that commercial 
catalysts which have been carefully optimized can be directly impregnated with less 
effort taking into account a reasonable catalyst particle size and accessible pore 
entrance size of the substrates.  However, physical bonding between catalyst deposits 
and the substrate can be an issue characterised by poor adhesion. Alternatively, 
catalyst preparation methods such as sol-gel and washcoating can be employed with 
satisfactory adhesion. However, it is difficult to achieve required catalyst composition 
by using these methods, which would greatly affect the catalyst activity and 
performance.  
 
After impregnating the 50 wt% Ni/γ-Al2O3 catalyst, an “active” alumina hollow fibre 
can be obtained. The EDS analysis shown in Figure 5-50 indicates that Ni actually 
distributes evenly across the selected area of finger-like voids of the fibre.  
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Catalyst in 
the finger-like 
voids
 
Figure 5-49.Cross-sectional view of catalyst in finger-like voids. 
 
 
 
Ni catalyst 
distribution
 
 
Figure 5-50. SEM-EDS analysis of Ni catalyst observed on finger-like voids. 
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Figure 5-51 illustrates a layer of catalyst that was retained on the entrances to the 
finger-like voids. In general, the pore size of the entrances greatly affects the 
effectiveness of the catalyst deposition process. Despite the fact that the catalyst was 
prepared using nano-sized alumina particles that are substantially smaller than the 
entrance of the finger-like macro-voids (typically 6-7 µm) [29], spontaneous particle 
agglomeration might occur at the point of entry during catalyst deposition. This 
hinders the further deposition of catalyst particles into the finger like voids, and as a 
consequence catalyst accumulates on the lumen surface and progressively forms a 
cake-layer. This layer increases the mass transfer resistance and further efforts are 
thus needed to avoid the formation of the catalyst cake-layer of this type. 
 
Cake-layer
 
 
Figure 5-51. Cross-sectional view indicating ‘cake-layer’ of catalyst on the fibre’s 
lumen surface. 
5.3.3. Effects of γ-Al2O3 loading on gas permeation resistance 
As has been shown in Figure 5-51, although nano-sized gamma-alumina has been 
used for the preparation of catalyst, only a fraction of catalyst particles get into the 
finger-like macrovoids with the majority catalyst accumulated on the lumen surface 
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forming a “cake-layer”. Moreover, this catalyst layer will increase the gas permeation 
resistance through the substrate, and as a consequence affect the catalytic reaction. 
Hence, Figure 5-52 shows the relationship between the amount of catalyst loading 
(catalyst weight per unit fibre length) and the percentage of N2 flux reduction for 
optimization purposes. The plot indicates that N2 permeation resistance increases 
exponentially with the amount of catalyst loading. The linear portion of the plot from 
0.7 mg cm-1 to 2.0 mg cm-1 is attributed to linear thickness increment of catalyst 
“filter-cake” retained on the lumen wall. Beyond the inflection point of 2.3 mg cm-1, 
the plot deviates from the linear behaviour. At this stage, further catalyst retention 
causes an abrupt change in N2 permeation resistance which grows towards infinity 
with further loading. This trend is believed due to the progressive blockage of the 
fibre’s lumen. As a result, the catalyst loading should be less than the critical value of 
2.3 mg cm-1. Catalyst loading in the following membrane reactor is controlled at 1.0 
mg cm-1 as depicted in Figure 5-53, which results in 0.8% of N2 flux reduction. This 
further suggests that the catalyst deposition does not create significant additional 
resistance to gas permeation through the functionalized substrates. 
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Figure 5-52 . Relationship between catalyst support loading and %N2 flux reduction. 
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Figure 5-53. Whole cross-sectional view of impregnated hollow fibre substrate with 1 
mg cm-1 γ-Al2O3 catalyst support. 
 
5.3.4. Dehydrogenation of methylcyclohexane to toluene in porous reactor 
 
MCH dehydrogenation reaction was carried out in a PMR together with the equivalent 
FBR operated in the temperature range of 450 to 700ºC for comparison. There are two 
types of PMR operations being investigated which depend on flow direction, i.e. axial 
and radial flow. For an axial flow PMR, reactant is allowed to flow in the lumen in an 
axial direction from one end to another end while for a radial flow PMR, the outlet 
flow is fully closed allowing reactant to flow in radial direction across the porous 
asymmetric microstructure consisting of finger-like voids and a sponge-like layer. As 
indicated in Figure 5-54, the conversion increases with temperature as a result of the 
endothermic nature of the dehydrogenation reaction. At ca. 650ºC, the respective 
maximum conversion attainable for FBR, axial flow PMR and radial flow PMR are 
25%, 40% and 50%.   
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The lower conversion in FBR is believed to result from a higher pressure drop which 
is often the major disadvantage of a fixed bed reactor configuration in conjunction 
with poor reactant transport to the catalyst surface [32]. In relation to the higher 
pressure drop, the reaction equilibrium is shifted towards the reactant side for MCH 
dehydrogenation reaction (MCH ↔ 3H2 + TOL), due to the higher number of 
molecules in the product side, resulting in lower conversion for fixed-bed operation. 
Although the amount catalyst used in the porous reactor is three times lower than the 
FBR, the radial flow of PMR attained twice the conversion compared to FBR with 
equivalent reactant flow rate.  
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Figure 5-54. Conversion as a function of temperature for FBR and PMR. 
 
The improvement in the conversion enhancement in PMR is due to the presence of 
micro-channels in the finger–like region where a thin layer of catalyst is dispersed 
resulting in improvement of the catalyst surface to volume ratio as well as 
enhancement in heat and mass transfer properties [30,41]. As can be seen in Figure 5-
55, these micro-channels that are perpendicularly distributed around the lumen of the 
alumina substrates provide more efficient interaction between reactant and catalyst 
[31,40]. Hence, longer MCH residence time with relatively higher catalytic surface 
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area can be realized and significant conversion enhancement can be achieved. This 
suggests that radial flow exhibits higher conversion in comparison to axial flow in 
PMR. This factor along with molecular diffusive transport mechanism in the micro-
channels and relatively higher residence time significantly influences the local 
reaction kinetics and substantially promotes conversion in PMR as compared to FBR. 
 
 
Figure 5-55. Schematic representation of micro-channels. 
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5.3.5. Dehydrogenation of methylcyclohexane to toluene in HFMR 
As can be seen in Figure 5-56, MCH conversion increases with temperature, which is 
in agreement with the endothermic nature of the dehydrogenation reaction. However, 
the conversion declines with the increasing sweep gas flowrate. For all the 
temperatures tested, the maximum conversions of MCH are obtained at a sweep gas 
(SG) flowrate of 20 ml min-1, which are 26.4%, 18.7%, 8.86% and 3.12% at 610ºC, 
542ºC, 474ºC and 407ºC, respectively. Interestingly, the maximum conversion for 
HFMR is almost equal to the FBR at around 600°C with equivalent reactant flowrate 
as in PMR and FBR cases. 
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Figure 5-56. Percentage conversion of MCH as a function of reaction temperature. 
The decrement in MCH conversion at higher sweep gas flow rates can be due to a 
number of reasons. Firstly, it can be caused by heat removal by argon gas, which 
eventually reduces heat available for endothermic reaction. In fact, argon gas with 
higher heat capacity provides a cooling effect on the membrane reactor. In order to 
minimize the heat effect on conversion, the sweep gas has to be preheated to the 
reaction temperature prior to being fed to the reactor. Other possibilities for the lower 
conversion are due to catalyst deactivation. This would occur when the product of 
reaction trapped in the finger-like voids resulting fast catalyst deactivation as a 
sequence of carbon deposition [12]. Therefore, it can be concluded that hydrogen 
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permeation through the membrane is not the rate limiting process, because the rate of 
hydrogen production in the catalytic membrane reactor is limited by catalyst 
productivity [43]. To overcome this problem, the use of coking-resistant catalyst with 
great catalytic activity is crtically important to further improve the performance of 
membrane reactor.  
 
In addition, the lower conversion of HFMR might be due to catalyst contamination by 
the electroless plating solution. During membrane reactor preparation, catalyst was 
deposited first into the substrate followed by Pd coating. As a result of this sequence, 
plating solution may seep into the substrate pore at some extent via capillary force and 
eventually reach the catalytic area of the substrate. The intrusion of Pd deposits can be 
clearly seen in Figure 5-57. This fact is in agreement with Rahman et al. [31] who 
observed copper catalyst leached out by one of the electroless plating constituents i.e., 
ammonia and EDTA, forming copper metal complex. 
 
 
 
Pd deposit 
intrusion
Pd layer
 
 
Figure 5-57. Palladium intrusion into alumina substrate during electroless plating. 
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Figure 5-58 illustrates H2 permeation rate across the Pd membrane as a function of 
temperature and sweep gas flowrate. The permeated hydrogen has 99.9% purity 
confirmed by the GC. This indicates that the Pd membrane is completely dense and 
the membrane sealing is in good condition throughout the reaction. At higher 
temperatures more hydrogen was formed in the lumen and resulted in a larger driving 
force available for hydrogen permeation. Furthermore, at higher operating 
temperatures, the permeability of Pd membrane increases, which also facilitates H2 
extraction from the reaction zone. Nevertheless, the increase of sweep gas (SG) from 
20 to 60 ml min-1 reduces hydrogen permeation rates due to the cooling effect which 
remarkably influences the local temperature dependent properties of both reactions 
kinetic and permeability of Pd membrane. Furthermore, it is believed that hydrogen 
produced in the reaction zone is the rate limiting step while the hydrogen permeation 
rate through Pd membrane is comparatively faster [18]. The continuous hydrogen 
extraction increases the demand for hydrogen by the catalyst to remain active. This 
eventually exacerbates the reduction in catalyst performance in the long run through 
coke formation and finally decreases the overall conversion.  
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Figure 5-58. Hydrogen permeation rate as a function of reaction temperature. 
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5.4. Conclusions 
A comparison of the performance of the three reactor designs in this study, i.e. FBR 
PMR and HFMR for methylcyclohexane (MCH) dehydrogenation reaction clearly 
indicates that, depositing catalyst into the finger-like macro-voids of asymmetric 
alumina hollow fibres significantly increases the efficiency of the reaction, by 
improving the interaction between reactants and the catalyst layer. As a result of 
which, a higher level of MCH conversion over a conventional membrane reactor with 
packed catalyst can be achieved.  
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Chapter 6 
 
Conclusions and Future Work 
 
The thesis has demonstrated the feasibility and advantages of using palladium (Pd) 
based composite hollow fibre membranes for hydrogen separation and membrane 
reactor applications. The key tasks were focused on the fabrication of Pd and Pd/Ag 
alloy/alumina composite hollow fibre membranes, hydrogen permeation analyses on 
Pd composite membranes, functionalization of Pd/asymmetric alumina hollow fibre 
composite membranes and their potential application for dehydrogenation of 
methylcyclohexane (MCH). Asymmetric alumina hollow fibres with different 
macrostructures, i.e. various thickness ratios between a finger-like void layer and a 
sponge-like layer, were prepared by a phase inversion/sintering technique. The 
asymmetric membranes in hollow fibre geometry possess superior surface area to 
volume ratios with less gas permeation resistance in comparison to commercial 
symmetric tubular and disk configurations. Such asymmetric hollow fibres were used 
as substrates onto which Pd-based membrane is directly deposited by an electroless 
plating (ELP) technique without any pre-treatment of the substrate surface. A 
systematic study of the electroless plating of Pd and Ag onto such asymmetric 
alumina hollow fibre substrates has been investigated by direct measurement of one of 
the gaseous products, i.e. N2, using gas chromatography (GC). In addition, the 
influences of the substrate macrostructure on hydrogen permeation through the 
Pd/Al2O3 composite membranes have been investigated both experimentally and 
theoretically. Ultimately, a multifunctional Pd/alumina hollow fibre membrane reactor 
(HFMR) has been developed and used for the catalytic dehydrogenation of 
methylcyclohexane (MCH) to toluene. 
 
The major findings in the study are summarised below: 
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6.1. Major Findings 
6.1.1. Asymmetric hollow fibre substrate 
Initially, porous alumina hollow fibre supports with an asymmetric structure have 
been successfully prepared via a combined phase inversion and sintering method. The 
asymmetric structure is characterized by a highly porous inner surface from which 
finger-like voids extend across approximately 80 % of the fibre cross-section with the 
remaining 20 % consisting of a denser sponge-like outer layer of about 60-70 µm in 
thickness. Different finger-like voids to the sponge-like layer ratio of can be crafted 
via manipulating the air gap between spinneret and the precipitation bath. In this 
work, with air gaps of 11, 9 and 3 cm, asymmetric macrostructures consisting of 
finger-like voids occupying approximately 80%, 50% and 30% of the fibre cross-
section can be achieved, while the rest of the portion are due to sponge-like region. 
According to SEM analyses, the outer sponge-like layer of the substrate provides a 
smooth surface for a direct coating of thin palladium (Pd) or palladium-silver (Pd/Ag) 
membranes for hydrogen separation, without the need for additional modifications. 
However, in this thesis, the application of metallic membrane towards hydrogen 
permeation and membrane reactor are restricted to Pd membrane only as both Pd and 
Pd/Ag membranes perform the same function. The finger-like voids also offer the 
feasibility of depositing catalyst through the inner surface of the fibre to functionalize 
the membrane in developing highly compact membrane reactors.  
 
Moreover, the effects of different substrate resistance on hydrogen permeation 
through Pd composite membranes have been well investigated via mathematical 
models, as well as successfully being validated experimentally. One of the most 
significant findings emerging from this study is that, for a thinner Pd membrane, the 
higher the effective porosity that is required to alleviate the substrate effect on the 
hydrogen permeation. Furthermore, the deviation of the pore size is suggested to be 
around 1.2 for the further improved hydrogen permeation through the composite 
hollow fibre membranes. 
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6.1.2. Palladium-based composite membrane 
Thin (2 - 10 µm) and defect-free Pd and Pd/Ag alloy films have been successfully 
deposited on the outer surface of asymmetric hollow fibre substrates using electroless 
plating (ELP) technique. A gas chromatography instrument has been employed for 
quantitative measurement of nitrogen gas (N2) evolved during electroless plating 
reactions, which is finally used to monitor the amount of deposits formed on the 
substrates. Furthermore, the time profile of reactant ion concentration in the plating 
bath can also be determined, which is useful in optimizing the efficiency of the 
electroless plating process for maximizing Pd ion conversion whilst minimizing Pd 
wastage. For example, hydrazine should be added into the plating bath after 35 
minutes to maintain a constant deposition. The Pd coated alumina composite 
membranes possess high stability at high temperature and pressure conditions, without 
loosing its selectivity and integrity when subjected to repeated thermal cycling and 
thermal expansion mismatch. 
 
6.1.3. Palladium-based membrane reactor 
In the methylcyclohexane (MCH) dehydrogenation tests, porous membrane reactor 
(PMR) with radial flow results in the maximum conversion of 50%, whereas axial 
flow gives 40% of conversion. Both of these are substantially higher than fixed bed 
reactor (FBR) configurations, i.e., 25% MCH conversion. For a HFMR with 1.0 mg 
cm-1 of catalyst loading, MCH conversion of approximately 26% can be achieved at 
610 °C, which is almost similar to FBR due to more catalyst deactivation as a 
consequence of coke-formation. 
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6.2. Recommendations for Future Work 
6.2.1. Electroless plating 
Another factor that influences palladium film permeability is the grain size. It is 
believed that hydrogen permeates faster through materials with less grain boundaries 
such as polycrystalline metals instead of nanocrystalline metals [1,2]. It was shown 
from the current studies that the plating rate of both Pd and Ag has a significant 
influence on the grain size formed. Therefore, further research is suggested to 
investigate the effect of grain size of Pd deposits on hydrogen permeation rate. It is 
well known that Pd/Ag with the mass ratio of 77:23 has been recommended by 
industry as the optimum alloy composition. Nonetheless, it would be possible as well 
to study in depth other alternatives such as Pd60-Cu40 due to its high tolerance 
towards sulphur containing compounds, and much lower material cost than its former 
counterpart [3].  
 
6.2.2. Membrane substrate and catalyst deposition 
In this study, porous alumina hollow fibre supports with a unique asymmetric 
morphology were successfully reproduced in the spinning process by adjusting the 
spinning parameters. It is known that the pore size distribution of the sponge-like 
region is determined by the composition of the spinning suspension, while the pore 
size of the entrances to the finger-like voids is determined by the spinning parameters 
and the polymer precipitation rate [4]. Therefore, by varying certain parameters in 
combination, the pore size of these entrances and the length of the finger-like voids 
can be varied independently with the specific aim of widening the inner pore entrance 
of the finger-like voids, making it accessible for direct impregnation of sub-micron 
catalyst particles thus eliminating the formation of cake- layer.  
 
6.2.3. Catalyst activity 
A prominent restriction with the use of catalytic membrane reactors encountered in 
this investigation study was catalyst deactivation. Therefore, further work should be 
focused at improving the stability and activity of dehydrogenation catalysts that are 
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less vulnerable to coking, especially for membrane reactor applications. It is 
suggested that catalysts made from noble metals in the form of bimetallic, trimetallic 
or various combinations can be investigated [5]. 
 
6.2.4. Membrane reactor design and long term durability studies 
To successfully integrate membrane reactor technologies to actual application, long-
term stability tests under actual process conditions need to be investigated. Pd 
membrane reactors should remain robust when operated over a wide range of process 
conditions to cope with fluctuating demand without performance loss. For example, 
this is in compliance with the use of membrane reactor to produce hydrogen onboard 
for fuel cells [6] as well as in stationary applications for seasonal hydrogen storage 
[7]. This is an important issue for future research hoping that a sufficiently compact 
and robust membrane module design will be developed and in particular, achieving 
reproducible scale-up of membrane fabrication is forecast to be very challenging. 
 
6.2.5. Reactor modelling and simulation 
Membrane reactors offer the possibility of integrating separation and reaction 
processes in a single apparatus. Their efficient operation depends on the effectiveness 
of the catalyst and the corresponding reaction kinetics as well as on the transport 
processes in the reactor. A study with more focus on reactant flow distribution in the 
hollow fibre, particularly in the finger-like voids, should be further investigated via 
mathematical modelling to better understand its contribution towards conversion 
enhancement. Furthermore, this will assists in seeking the best membrane 
morphology, microstructural geometry as well as operating conditions for the 
optimum reactor operation.  
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